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A B S T R A C T 

We present ground- and space-based photometric observations of TOI-270 (L231-32), a system of three transiting planets 
consisting of one super-Earth and two sub-Neptunes disco v ered by TESS around a bright (K-mag = 8.25) M3V dwarf. The 
planets orbit near low-order mean-motion resonances (5:3 and 2:1) and are thus expected to exhibit large transit timing variations 
(TTVs). Following an extensive observing campaign using eight different observatories between 2018 and 2020, we now 

report a clear detection of TTVs for planets c and d, with amplitudes of ∼10 min and a super-period of ∼3 yr, as well as 
significantly refined estimates of the radii and mean orbital periods of all three planets. Dynamical modelling of the TTVs 
alone puts strong constraints on the mass ratio of planets c and d and on their eccentricities. When incorporating recently 

published constraints from radial velocity observations, we obtain masses of M b = 1 . 48 ± 0 . 18 M ⊕, M c = 6 . 20 ± 0 . 31 M ⊕, 
and M d = 4 . 20 ± 0 . 16 M ⊕ for planets b, c, and d, respectively. We also detect small but significant eccentricities for all three 
planets : e b = 0.0167 ± 0.0084, e c = 0.0044 ± 0.0006, and e d = 0.0066 ± 0.0020. Our findings imply an Earth-like rocky 

composition for the inner planet, and Earth-like cores with an additional He/H 2 O atmosphere for the outer two. TOI-270 

is now one of the best constrained systems of small transiting planets, and it remains an excellent target for atmospheric 
characterization. 

Key words: planets and satellites: composition – planets and satellites: formation – planets and satellites: fundamental parame- 
ters. 
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 I N T RO D U C T I O N  

ver the course of its 2-yr mission from 2018 to 2020, the Transiting
xoplanet Surv e y Satellite ( TESS ) w as task ed with detecting small
lanets orbiting nearby bright stars so that detailed follow-up studies
f their characteristics and atmospheres can be performed (Ricker
 E-mail: laurel.kaye@physics.ox.ac.uk 

f  

r  

(

Pub
t al. 2014 ). Among the TESS disco v eries, systems containing multi-
le transiting planets are especially interesting, because they enable
omparative planetology. Of the ∼30 multiplanet systems TESS has
isco v ered so far, there are several that contain planets near mean-
otion resonances and thus are expected to display transit timing
 ariations (TTVs). Ho we v er, because TESS observ es most target stars
or relatively short time frames of about a month, these disco v eries are
elati vely fe w, and to date, only three such systems have been reported
Kipping et al. 2019 ; Demory et al. 2020 ; Trifonov et al. 2021 ). 
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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TTVs give us an important way to probe the dynamics of a system
nd are especially powerful when combined with radial velocity (RV) 
bservations. RV measurements rely on detecting the gravitational 
ull of a planet on its host star and form the bulk of higher-precision
ass measurements for exoplanets. This makes them most sensitive 

o massive and closely orbiting planets. TTVs occur due to dynamical 
nteractions between planets, which lead to deviations from their Ke- 
lerian orbits as predicted by Agol et al. ( 2005 ) and Holman & Mur-
ay ( 2005 ). They were first discovered for the system of Kepler-9 in
010 and can be sensitive to detecting and characterizing small plan- 
ts (Holman et al. 2010 ). Since this disco v ery, TTVs hav e been found
uite commonly in Kepler data, and several tens of systems with 
ignificant TTVs are expected to be discovered in TESS light curves, 
uch as the TOI-216 system (Dawson et al. 2019 ; Kane et al. 2019 ).

One such system with exciting potential for precise mass char- 
cterization through TTV and RV analysis is TOI-270, a nearby, 
right, M3V-type star with three confirmed transiting exoplanets 
isco v ered by G ̈unther, Pozuelos & Dittmann ( 2020 , hereafter G20 ).
he innermost planet, TOI-270 b, is a 1.25 R ⊕ super-Earth with a
eriod of 3.36 d. The outer two planets are sub-Neptunes, with radii
f 2.42 R ⊕ and 2.13 R ⊕ and periods of 5.66 d and 11.38 d. The periods
f planets d and c lie near the 2:1 mean-motion resonance, and those
f planets c and b near the 5:3 resonance. Consequently, the planets
re expected to interact dynamically with each other, resulting in 
ignificant TTVs, in particular, for planets c and d. 

G20 discuss the amenability of this system for detailed characteri- 
ation of the bulk density and atmospheric composition of its planets. 
his enables probing the formation history, molecular abundances, 
nd potential signs of atmospheric or ocean loss with the James
ebb Space Telescope (JWST) and the extremely large telescopes 

ELTs). Constraints on the planet masses are vital to interpret the 
tmospheric spectra such observatories will gather in the future (see 
.g. Batalha et al. 2019 ). Ho we ver, the short ( ∼5 months) time span
f the TESS and ground-based observations included in G20 was too 
mall compared to the expected dominant time-scale of the TTVs 
 ∼3 yr) to allow the TTVs to be detected. 

We have no w achie ved a clear detection of TTVs by continuing
o monitor the system from the ground and using Spitzer . TESS also
e-observed the system in cycle 3, and the observations to date now
pan a large enough portion of the TTV ‘super-period’ to allow 

or a meaningful dynamical analysis of the system. Ho we ver, TTV
bservations alone can be hard to interpret due to strong degeneracies 
etween the orbital parameters. Relative uncertainties on pure-TTV 

ass determinations range from ∼5 to 100 per cent depending on 
he number of planets in the system, their orbital configuration, and 
he number, precision, and time span of the measured transit times
Agol & F abryck y 2018 ). 

In the meantime, Van Eylen et al. ( 2021 , hereafter VE21 ) also mon-
tored the TOI-270 system, using the Echelle Spectrograph for Rocky 
xoplanet and Stable Spectroscopic Observations (ESPRESSO) to 
btain RV measurements (Pepe et al. 2021 ). VE21 report masses of
.58 ± 0.26 M ⊕, 6.14 ± 0.38 M ⊕, and 4.78 ± 0.46 M ⊕ for planets b,
, and d, respectively, classifying the inner planet as likely rocky, and
he outer two as lower density sub-Neptunes. These results found no 
vidence of non-circular orbits and confirmed the status of planets c 
nd d as outstanding targets for transmission spectroscopy and planet 
 as a good target for emission spectroscopy. The uncertainties on the
asses reflect the small RV semi-amplitudes of the TOI-270 planets 

2, 5, and 3 m s −1 ) and the limited number of RV measurements
 ∼80). This provides us with an opportunity to compare the results
f an independent analysis of our TTV measurements with those 
eported by VE21 based on RV observations, use the RV results as
riors in our analysis of the TTVs, and obtain refined estimates of
he planets’ masses and orbital parameters. 

The combination of TTV and RV observations was first demon- 
trated for the Kepler-9 system by Holman et al. ( 2010 ) and has
ince been re-examined for the system multiple times (Borsato et al.
014 ; Dreizler & Ofir 2014 ; Freudenthal et al. 2018 ; Borsato et al.
019 ). Other systems that have been analysed jointly with RV and
TV data include K2-19 (Nespral et al. 2017 ), Kepler-19 (Malavolta
t al. 2017 ), WASP-47 (Weiss et al. 2017 ), K2-24 (Petigura et al.
018 ), and XO-6b (Garai et al. 2020 ). Some discrepancies have
risen between these two approaches (Weiss et al. 2013 ; Mills &
azeh 2017 ); ho we ver, these seem to potentially be reconcilable with

nough data points, as shown by Borsato et al. ( 2019 ). Nevertheless,
hese slight tensions highlight the importance of such joint studies 
or providing further elucidation on the biases and limits of these
ethods. 
Precise planetary masses are essential for atmospheric character- 

zation, particularly for resolving degeneracies in the interpretation 
f transmission spectra. Batalha et al. ( 2019 ) demonstrate that for
mall planets, robust atmospheric retrie v als are possible only if the
lanet mass is known to a precision of 50 per cent or better, and that
ore precise mass estimates of 20 per cent are required to exploit the

ull sensitivity of JWST, given the latter’s expected noise floor. The
ass estimates presented by VE21 and reported in this work will thus

ave a direct impact on atmospheric studies of the system, starting
ith the ongoing Hubble Space Telescope ( HST ) observations ( HST ,
rogram id GO-15814, PI Mikal-Evans). Our refined ephemeris and 
ccentricity constraints will also facilitate the scheduling of future 
ransit and eclipse observations. 

The rest of this paper is structured as follows. Section 2 details the
hotometric observations we obtained using eight distinct ground- 
nd space-based telescope facilities, including data reduction and 
asic light curve extraction. Section 3 describes the light curve 
nalysis, which we took care to perform in a consistent manner
cross all telescopes and gives the resulting estimates of the bulk
arameters and individual transit times for each planet. Section 4 
resents the dynamic analysis of TTVs using Differential Evolution 
arkov Chain Monte Carlo (DEMCMC). In Section 5, we discuss 

ur impro v ed mass estimates, system stability, potential atmospheric 
omposition, and theories of planetary formation before concluding 
n Section 6. 

 OBSERVATI ONS  

his section details the observations and data reduction of each 
atellite and ground-based observatory. All observations are listed 
n Table 1 . 

Many of the ground-based observations discussed below were co- 
rdinated through the TESS Follow-up Observing Program (TFOP). 1 

e used the TESS Transit Finder, which is a customized version of
he Tapir software package (Jensen 2013 ), to schedule our transit
bservations. Unless otherwise noted, the photometric data were 
xtracted using the AstroImageJ ( AIJ ) software package (Collins 
t al. 2017 ). Details of the facilities and instrumentation used are
iven in Table 2 . 

.1 TESS 

ESS first observed TOI-270 in short-cadence (2 min) observing 
ode between 2018 September 20 and 2020 December 17 in 27 d
MNRAS 510, 5464–5485 (2022) 
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Table 1. Observation log. 

TOI-270 Dates Telescope Filter Exposure time No. of 
Observation 

dur 
Transit 

co v erage 
(seconds) exposures (minutes) 

TOI-270 b-d 
2018-2020 TESS TESS 20-120 46874 – –

TOI-270 b 
2018-12-18 PEST Rc 120 189 449 Full 
2019-01-14 LCO i 

′ 
90 172 160 Full 

2019-01-24 LCO – 90 136 183 Partial 
2019-01-27 LCO – 90 119 219 Full 
2019-09-03 NGTS NGTS 10 8331 223 Full 
2019-09-30 LCO – 90 115 164 Full 
2019-11-09 LCO – 90 159 230 Full 
2019-11-16 NGTS – 12 6811 208 Full 
2019-12-13 LCO – 90 148 213 Full 
2020-09-13 LCO i 

′ 
90 128 198 Full 

2020-10-23 LCO i 
′ 

90 148 243 Full 
TOI-270 c 

2018-12-10 LCO i 
′ 

132 86 187 Full 
2019-01-07 LCO i 

′ 
51 207 215 Full 

2019-03-28 ASTEP Rc 120 171 471 Full 
2019-04-19 Spitzer 4.5 2 10045 345 Full 
2019-07-30 TRAPPIST-South z 

′ 
10 511 170 Full 

2019-09-02 TRAPPIST-South z 
′ 

10 667 209 Full 
2019-09-08 TRAPPIST-South z 

′ 
10 742 232 Full 

2019-09-02 LCO – 90 135 192 Full 
2019-09-13 LCO – 90 94 134 Partial 
2019-09-30 LCO – 90 119 170 Partial 
2019-10-17 LCO i 

′ 
90 132 189 Full 

2019-10-23 TRAPPIST-South z 
′ 

15 544 171 Full 
2019-11-03 LCO – 90 159 230 Full 
2019-11-09 TRAPPIST-South z 

′ 
15 569 179 Full 

2019-11-09 LCO – 90 160 229 Full 
2019-11-15 LCO – 90 162 232 Full 
2019-11-26 PEST Rc 130 91 210 Partial 
2019-12-02 LCO – 90 162 232 Full 
2019-12-07 Spitzer 4.5 2 7643 263 Full 
2019-12-24 Spitzer 3.6 2 7510 262 Full 
2020-01-05 Spitzer 3.6 2 7380 258 Full 
2020-01-10 Spitzer 3.6 2 7462 260 Full 
2020-05-20 ASTEP Rc 40 422 459 Full 
2020-05-25 ASTEP Rc 40 345 373 Full 
2020-06-06 ASTEP Rc 40 331 359 Full 
2020-10-25 LCO i 

′ 
90 211 328 Full 

2021-01-01 LCO i 
′ 

90 Full 
TOI-270 d 

2019-01-19 LCO i 
′ 

50 182 156 Partial 
2019-02-23 LCO g 

′ 
96 123 192 Partial 

2019-06-16 Spitzer 4.5 2 10851 361 Full 
2019-08-24 TRAPPIST-South z 

′ 
10 369 115 Partial 

2019-09-27 LCO – 90 161 231 Full 
2019-09-27 NGTS NGTS 10 5037 273 Full 
2019-10-08 LCO – 90 132 192 Full 
2019-10-20 LCO – 90 115 165 Partial 
2019-10-31 LCO – 90 97 138 Partial 
2019-11-23 TRAPPIST-South z 

′ 
10 630 197 Full 

2019-11-23 NGTS NGTS 10 9167 328 Full 
2019-11-23 CHAT – – – – Partial 
2019-12-04 Spitzer 4.5 2 7600 253 Full 
2020-01-07 Spitzer 4.5 2 7583 261 Full 
2020-07-19 LCO i 

′ 
90 69 106 Partial 

2020-09-02 LCO i 
′ 

90 124 190 Partial 
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Table 2. Facilities used for ground-based follow-up observations. 

Observatory Location Aperture Pixel scale FOV 

(m) (arcsec) (arcmin) 

Antarctic Search for Transiting ExoPlanets (ASTEP) Concordia Station, Antarctica 0.4 0.93 63 × 63 
Chilean-Hungarian Automated Telescope (CHAT) Las Campanas Observatory, Chile 0.7 0.6 21 × 21 
Las Cumbres Observatory Global Telescope (LCOGT) Chile, South Africa, Australia 1.0 0.39 26 × 26 
Next-Generation Transit Survey (NGTS) Paranal, Chile 0.2 4.97 170 × 170 
Perth Exoplanet Surv e y Telescope (PEST) Perth, Australia 0.3 1.2 31 × 21 
TRAPPIST-South La Silla, Chile 0.6 0.64 22 × 22 
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ncrements in sectors 3–5. TESS then recently re-observed the target 
n sectors 30 and 32 in camera 3, with 20-s cadence data 2 (see
ig. 1 ). Data were reduced and light curves extracted using the
cience Processing Operations Center (SPOC) pipeline (Jenkins 
002 ; Jenkins et al. 2010 ; Smith et al. 2012 ; Stumpe et al. 2014 ;
enkins et al. 2016 ; Jenkins 2017 ). 

.2 LCO 

OI-270 was observed by the Las Cumbres Observatory Global 
elescope (LCOGT) (Brown et al. 2013 ) 1-m telescope network as
art of ground-based follow-up as reported in G20 , through subse-
uent observations as part of the TESS Follow-up Observing Program 

TFOP), and through an additional program with PI Parviainen over 
emesters 2019B, 2020B, and 2021A. The 4096 × 4096 LCOGT 

INISTRO cameras have an image scale of 0 . ′′ 389 per pixel, resulting
n a 26 

′ × 26 
′ 

field of view. The images were calibrated by the
tandard LCOGT BANZAI pipeline (McCully et al. 2018 ). 

The LCOGT observations led by Parviainen cover six full and 
ne partial TOI-270c transits and one full and two partial TOI-270d 
ransits. The observations were carried out with SINISTRO cameras 
sing SDSS-ip filter with 60-s exposure times and slight defocussing 
o make sure neither the target star nor any of the comparison
tars saturate. As with the TFOP LCOGT observations, the images 
ere calibrated by the BANZAI pipeline. The photometry was done 
sing a custom photometry pipeline developed for the MuSCAT2 
nstrument (Narita et al. 2019 ; Parviainen et al. 2019 ), and an initial
ransit modelling was carried out using the PyTransit package 
Parviainen 2015 ). 

.3 TRAPPIST -South 

RAPPIST-South at ESO-La Silla Observatory in Chile is a 60-cm 

itchey–Chretien telescope, which has a thermoelectrically cooled 
 K × 2 K FLI Proline CCD camera with a field of view of 22 

′ × 22 
′ 

nd pixel scale of 0.65 (Jehin et al. 2011 ; Gillon et al. 2013 ). We
arried out a set of five full-transit observations of TOI-270 c and
ne full and one partial transits for TOI-270 d. 

.4 ASTEP 

STEP is 40-cm telescope installed at the Concordia Station, Dome 
, Antarctica (Guillot et al. 2015 ). ASTEP is a Newtonian telescope
quipped with a five-lens Wynne coma corrector and a 4 k × 4 k front-
lluminated FLI Proline KAF 16810E CCD with a 16-bit dynamic. 
he camera has an image scale of 0.92” pixel −1 resulting in a 63 

′ ×
3 

′ 
corrected field of view (Abe et al. 2013 ). 
 Thanks to the TESS GI programs G03196 (PI G ̈unther), G03278 (PI Mayo), 
03106 (PI Kane), and G03274 (PI Cloutier) 3
Due to the extremely low data transmission rate at the Concordia
tation, the data are processed on-site using an automated IDL- 
ased pipeline producing data files that contain the star’s flux 
omputed through various fixed circular apertures radii, so that 
ptimal light curves can be extracted (M ́ekarnia et al. 2016 ). TOI-
70 was observed several times between 2019 March and April 
nd between 2020 April and July . For this study, we selected a
et of four full-transit observations of TOI-270 c conducted under 
ood weather conditions with temperatures ranging from −70 ◦C 

o −60 ◦C. 

.5 NGTS 

he Next-Generation Transit Survey (NGTS; Wheatley et al. 2018 ) 
onsists of 12 independently operated robotic telescopes, each with a 
0-cm diameter and an 8 square-degree field of view, and is located
t the ESO Paranal Observatory in Chile. The NGTS telescopes 
chiev e sub-pix el-lev el guiding through the use of the DONUTS
uto-guiding algorithm (McCormac et al. 2013 ). Observing a single 
right star simultaneously with multiple NGTS telescopes has been 
hown to significantly impro v e the photometric precision achieved 
Bryant et al. 2020 ; Smith et al. 2020 ) 

Two transits of TOI-270b were observed on 2019 September 
 and 2019 No v ember 16 using eight and seven telescopes, re-
pectively. A total of 15 142 images were obtained across the
wo nights. A further two transits of TOI-270d were observed on
019 September 27 and 2019 No v ember 23, using four and six
elescopes. A total of 14 204 images were taken across these two
ights. All the NGTS observations of TOI-270 were performed using 
he custom NGTS filter (520–890 nm) and with an exposure time
f 10 s. 
A custom aperture photometry pipeline (Bryant et al. 2020 ) was

sed to reduce the images from all four nights of NGTS observations.
his pipeline uses the SEP library (Bertin & Arnouts 1996 ; Barbary
016 ) for source extraction and photometry. During the reduction 
omparison stars that are similar to TOI-270 in terms of brightness,
olour, and CCD position are automatically identified using Gaia 
R2 (Gaia Collaboration 2016 , 2018 ). 

.6 PEST 

 single transit of planet c was observed by the Perth Exoplanet Sur-
 e y Telescope (PEST). A custom pipeline based on C-Munipack 3 

as used to calibrate the images and extract the differential photom-
try. 
 ht tp://c-munipack.sourceforge.net 

MNRAS 510, 5464–5485 (2022) 
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Figure 1. The top plot shows TESS sectors 30 and 32 in PDC-SAP flux, with transits highlighted for each planet. The bottom panels show phase-folded transits 
for the respective planets, with the red showing the best-fitting model. 
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.7 Spitzer 

oon after the TOI-270 planet candidates were announced by the
ESS project, we identified the system as an intriguing target for

ransit observations with the Spitzer Space Telescope . We observed
ve transits of TOI-270 c and three transits of TOI-270 d with
pitzer , four transits in each of two programs (GO-14084 and
4325, Crossfield et al. 2018 ; Parmentier et al. 2019 ). Our Spitzer
bservations provided coverage of these planets’ transits in each
f the 3.6- μm and 4.5- μm channels of the Infrared Array Camera
IRAC) instrument (Fazio et al. 2004 ). We planned our observations
ollowing standard practices for precise Spitzer transit photometry.
n particular, an initial peak-up observation placed the target on the
RAC detector’s ‘sweet spot’ to minimize instrumental variations. 

Because of the bright target star both channels of Spitzer pho-
ometry used subarray-mode observations, which consist of mul-
iple sets of 64 quick subarray frames. All our Spitzer obser-
ations used 2-s subarray inte grations, and ra w and calibrated
ata products (processed with the standard Spitzer data calibra-
ion pipeline) are publicly available through the Spitzer Heritage
rchive. 4 
 https:// sha.ipac.caltech.edu/applications/ Spitzer/ SHA/ 

5

fi
n

NRAS 510, 5464–5485 (2022) 
 L I G H T  - C U RV E  A NA L  YSIS  

hen analysing the light curves from the different telescopes, our
im was to get as close as possible to a fully self-consistent analysis
f all the available photometric data for each planet. However, this
uickly results in an unfeasibly large number of data points and
ree parameters, as each transit has a specific mid-transit time, and
ach telescope a specific set of limb-darkening and noise model
arameters, in addition to the bulk transit parameters that are common
o all data sets. We therefore reached a compromise, whereby the
ight-curve analysis was done sequentially, as follows. 

We first fit the bulk parameters using the TESS cycle 1 data,
gnoring the TTVs (which are negligible on this time-scale). In
he case of planets c and d, we then used the resulting linear
phemeris (period and time of conjugation) and bulk parameters
s inputs to analyse the Spitzer data. This results in significantly
ighter constraints on the bulk planet parameters. We then proceed
o fit each transit from every instrument in turn, fixing the bulk
arameters 5 at the Spitzer -derived values, and varying only the
 Early in the study, we tried allowing the bulk transit parameters to vary when 
tting for the TTVs, using the Spitzer -derived constraints as priors. This did 
ot appreciably increase the uncertainties on the transit times and resulted in 

art/stab3483_f1.eps
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Table 3. Planetary parameters. 

Parameter Source 

Planet b G20 Spitzer TESS 
T 0 1461.01464 + 0 . 00084 

−0 . 00093 1461.01556 + 0 . 0005859 
−0 . 0005894 

Period (days) 3.36008 ± 0.00007 3.36016 ± 0.000004 
R p / R ∗ 0.0300 + 0 . 0015 

−0 . 0011 0.0307 + 0 . 0012 
−0 . 00091 

cos i 0.024 + 0 . 024 
−0 . 015 0.0267 + 0 . 0256 

−0 . 0184 

a / R ∗ 17.48251 + 3 . 97329 
−1 . 37537 17.10761 + 3 . 52558 

−1 . 85761 

Planet c 
T 0 1463.08481 ± 0.00025 1463.08056 + 0 . 00039 

−0 . 00040 
Period (days) 5.66017 ± 0.00004 5.66057 ± 0.00001 5.66057 ± 0.00001 
R p / R ∗ 0.05825 + 0 . 00079 

−0 . 00058 0.05595 ± 0.00171 0.05781 + 0 . 00067 
−0 . 00058 

cos i 0.0083 + 0 . 0073 
−0 . 0051 0.01393 + 0 . 00230 

−0 . 00282 0.00698 + 0 . 00657 
−0 . 00476 

a / R ∗ 27.005 + 1 . 677 
−0 . 591 25.5690 ± 0.3062 27.443 + 0 . 512 

−1 . 253 

Planet d 
T 0 1469.33834 + 0 . 00052 

−0 . 00046 1469.33823 ± 0.00032 

Period (days) 11.38014 + 0 . 00011 
−0 . 00010 11.37948 ± 0.00002 11.37958 ± 0.00003 

R p / R ∗ 0.05143 ± 0.00074 0.04914 ± 0.00158 0.05181 + 0 . 00048 
−0 . 00078 

cos i 0.0054 + 0 . 0021 
−0 . 0027 0.0062 + 0 . 0019 

−0 . 0026 0.0062 + 0 . 0028 
−0 . 0043 

a / R ∗ 41.5627 + 0 . 864 
−0 . 691 41.7437 ± 0.5274 41.776 + 1 . 353 

−0 . 359 

Note. Stellar parameters and planetary priors are drawn from G20 and are shown in the first column. T 0 is reported in days 
(BJD TDB ) − 2 457 000. The middle column shows planetary parameters from fitting Spitzer transits as described abo v e. The 
third column shows TESS fits incorporating all available data to date from sectors 3–5, 30, and 32. Limb-darkening coefficients 
are not shown, as they were fit using LDTk (Parviainen & Aigrain 2015 ) for each indi vidual observ atory and filter used. Timing 
fits were performed by fixing planetary parameters to the Spitzer -derived values for planet c, and for TESS all-sector values 
for planets b and d. 
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arameters of the noise model, the mid-transit time, and the limb-
arkening parameters. 
In the case of planet b, in the absence of Spitzer observations, we

roceed in the same manner but relied on the TESS cycle 1 and cycle
 data to derive the bulk parameters and mean period used as priors
n the individual fits. 

This sequential, Bayesian approach enables us to keep the compu- 
ational cost of each fit manageable, while ensuring the o v erall self-
onsistency of the results. The final planetary parameters are reported 
n Table 3 , and the mid-transit times for each transit (excluding
hose that were discarded because the fits were deemed unreliable, 
s discussed below) in Tables A1 –A3 . 

.1 Model implementation 

he light-curve modelling was implemented in PYTHON . All transit 
odelling was done using the BATMAN package (Kreidberg 2015 ). 
he parameters of the transit model implemented in BATMAN are 

he orbital period P , the time of transit centre T 0 , the planet-to-star
adius ratio R p / R � , the system scale a / R � (where a is the orbital
emimajor axis), the orbital inclination i , the orbital eccentricity 
 and the longitude of periastron ω, and the quadratic limb-
arkening coefficients u 1 and u 2 . In the present work, we fixed
he eccentricity to zero, an assumption that is reasonable, given 
he small eccentricity measured in RV by VE21 and is ultimately 
alidated by our dynamical analysis of the TTVs (see Section 4).
hen fitting, we chose to fit for R p , R � , and M � , which are then used

o obtain R p / R � and a / R � (through Kepler’s third law). We used the
uch longer convergence times, given the larger number of parameters to fit, 
o we opted to fix the bulk parameters instead when fitting for the TTVs. 

τ  

a  

r  

t  
imb Darkening Toolkit ( LDTK ) of Parviainen & Aigrain ( 2015 ) to
ompute priors o v er the limb-darkening coefficients u 1 and u 2 , using
he stellar parameters from G20 and the rele v ant instrument/filter
hroughput as inputs. We used uninformative, wide uniform priors 
 v er all the other parameters (except for inclination where we used
 uniform prior in cos i ), except where explicitly stated otherwise
elow. 
To account for correlated noise in the TESS and ground-based light

urves, we used a Gaussian Process (GP) with a squared exponential
ovariance function: 

( t , t ′ ) = A exp 

[
− ( t − t ′ ) 2 

2 τ

]
, (1) 

here A is the variance and τ the (squared) characteristic time-scale, 
r metric, of the GP. All GP calculations in this work were done
sing the GEORGE package (Ambikasaran et al. 2014 ). We used log
niform priors o v er the log arithm of the GP h yper-parameters A
nd τ . 

When performing optimization, we first used the MINIMIZE func- 
ion of the SCIPY.OPTIMIZE module to determine initial input param- 
ters and explored the posterior distribution over the parameters of 
ur models using Markov Chain Monte Carlo (MCMC) implemented 
ith the EMCEE package (F oreman-Macke y et al. 2013 , 2019 ). We

volved chains of 40 w alk ers with a thinning factor of 15 with a
onserv ati v e remo val of the first 25 per cent of steps as burn-in.
onvergence was achieved when the estimated autocorrelation time 
autocor (checked every 200 steps) was changed by less than 1 per cent
nd the chain was longer than 200 times the autocorrelation time,
esulting in chain lengths of about 100 000. Parameter values were
aken to be the median of the posterior distribution, the with errors
MNRAS 510, 5464–5485 (2022) 
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eported as the 68 per cent confidence interval from the 16th to the
4th percentile. 

.2 TESS 

ur starting point for the TESS data is the 2-min cadence Pre-search
ata Conditioning- Simple Aperture Photometry (PDC-SAP) light

urves, in which most systematic effects have already been corrected
Smith et al. 2012 ; Stumpe et al. 2012 ; Stumpe et al. 2014 ). None
he less, we checked for any residual correlated noise using the
ut-of-transit data in two distinct ways. First, we computed the
uto-correlation function (ACF) of the out-of-transit light curve and
onfirmed that it behaves as expected for white Gaussian noise,
amely the ACF is within a standard deviation of zero for all non-
ero lags. Secondly, we tried modelling the out-of-transit light curve
sing a GP, as described in Section 3.1, and found that this resulted
n a very small best-fitting value for A . In the remainder of our
nalysis of the TESS data, we do include a GP term, primarily for
onsistency with our later analysis of the ground-based data, but we
x the hyper-parameters at the best-fitting values obtained on the
ut-of-transit cycle 1 (sectors 3–5) data. We note that essentially
dentical results would be obtained by either varying the hyper-
arameters while fitting the transits or not including a GP at all for the
ESS data. 
We then proceed to model the transits, initially in the cycle 1 data

nly, as the effects of the TTVs within the limited time-frame of
hose data are negligible, enabling a global analysis of the transits
f each planet in turn, assuming a linear ephemeris. We start by
xtracting a segment of the light curve lasting three transit durations
round the predicted centre of each transit, using the linear ephemeris
rom G20 . We then fit the data in and around all the transits for each
lanet, keeping the GP hyper-parameters fixed, and varying the transit
arameters only. The results of this analysis are shown in Table 3
nd are in good agreement with the disco v ery paper, as expected. 

Finally, to measure TTVs, we fix the planetary parameters to
he values derived from the Spitzer data (for planets c and d, see
ection 3.3 for details) and from TESS cycle 1 and cycle 3 (for planet
) and fit each transit indi vidually, v arying only the time of the transit
entre. 

.3 Spitzer 

ith its IRAC in this warm viewing mode, which under-samples
he point spread function (PSF), Spitzer spacecraft wobble and
itter causes the PSF to mo v e across pix els resulting in significant
orrelated noise (Ingalls et al. 2012 ). This is a well-characterized
roblem, and several methods have been used previously in order to
emo v e these effects (Lanotte et al. 2014 ; Shporer et al. 2014 ). In this
ork, in order to reduce the level of systematic error seen in warm
pitzer data, we followed the process of pix el-lev el decorrelation
PLD) as described by Deming et al. ( 2015 ) with the new addition of
rincipal component analysis (PCA). In summary, PLD employs a 3
 3 grid of pixels that captures the stellar image over a time series.
ach pixel produces its own time series across the duration of the
bservation, which accounts for an y mo v ement of the PSF of the star
uring that time (usually less than 1 pixel drift). The total light curve
an then be expressed as a linear combination of a transit eclipse,
he normalized pixel time series, and linear or higher-order trends
n time. If the light curve we are interested in is a function of these
ixel time series, then PCA enables us to reduce the dimensionality
f a data set by looking for uncorrelated components that contribute
o the variance seen. In the end, this results in a function for the total
NRAS 510, 5464–5485 (2022) 
ight o v er time in the form: 

S t = 

3 ∑ 

i= 1 

c i 
ˆ C 

t 
i + D transit ( t) + b 0 + b 1 t, (2) 

where � S t is the brightness of the star o v er time, c i ˆ C 

t 
i are the

rincipal component time series regularized at each time point (and
hus do not contain the transit information), D transit is the depth of the
ransit at any given time point (holding a value of 1 out of transit),
nd b 0 and b 1 are terms describing the constant and linear offsets.
igher-order polynomial offsets were not found to impact the transit
t in the case of Deming et al. ( 2015 ), and we found that to be the
ase in our work as well. 

We therefore proceeded as follows: For each transit, we first
erform a normalization using out-of-transit flux. Then, instead
f using all 9 pixel time series, which are likely degenerate, we
erformed PCA and found that using three components explained
 95 per cent of the variance. Reducing this to two components

esulted in a slight worsening of the eventual transit fit, and adding
 fourth component did not produce a measurable change. We then
onstructed a model using the equation abo v e with the three principal
omponents of the pixel series, a BATMAN light curve as described in
ection 3.1, and a linear and constant offset. This resulted in a fit that

s e x emplified in Fig. 2 and Fig. A1 . We then optimized for c i b 0 b 1 
nd all planetary parameters described abo v e using wide, uniform
riors. This conferred a slight impro v ement on the bulk planetary
arameters derived from TESS as shown in Table 3 . We adopted
hese as the fixed planetary parameters for the remainder of the
round-based fitting described below for planets c and d (no Spitzer
bservations were taken of planet b). We further returned to TESS
ata for planets c and d and fixed the bulk planetary parameters
o Spitzer -deri ved v alues, while fitting for transit time, GP hyper
arameters, and limb darkening. 

.4 Ground-based obser v atories 

CO observations were next fit in an identical manner to TESS
sing GP normalization simultaneously with an MCMC. First, to
est whether ground-based observations could further constrain the
ulk planetary parameters achieved by Spitzer , each transit was
ndividually fit for all planetary parameters including mid-transit
ime using posterior distributions from the Spitzer fitting as priors.
o we ver, such fits for planetary parameters pro v ed to be significantly

ess constraining than the Spitzer fit; therefore, in a second step, the
ulk planetary parameters were held fixed at Spitzer fit values (or
ESS fit parameters for planet b), and fitting was performed only for
id-transit time and GP hyperparameters, using wide uninformative

niform priors, and for limb-darkening parameters using LDTk.
t first, this resulted in GP o v er-fitting, with a very small GP

ime-scale tau, as well as likelihood splitting around two values
f tau (a high and a low, with the low being associated with o v er-
tting), and thus two local likelihood maxima. This was resolved by
unning a ‘burn-in’ phase of 600 steps and then selecting the highest
ik elihood w alk er value to initialize the subsequent run to conver-
ence, which invariably resulted in the higher value of tau being
elected. 

Other ground-based observatory data including NGTS, TRAP-
IST , PEST , and CHAT were carried out in an identical manner,
ith limb-darkening coefficients fit using LDTk with each filter’s

espective transmission functions used as input. In all cases, for
round-based observatories, Spitzer data fitting resulted in more
onstrained planetary parameters, so these were again held fixed,
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Figure 2. Pix el-lev el decorrelation (PLD), which is used to remo v e correlated noise from Spitzer light curv es (Deming et al. 2015 ), is shown here for a transit 
of planet c. In (a), the regularized pixel time series are shown, which come from a 3 × 3 grid of pixels. Because of the regularization at each time point, these 
time series do not show a transit. From these, we extract the three principal components shown in (b), the first of which follows the most obvious trend of the 
original light curve, which can be seen in the top panel of (c) in blue. Also shown in the top panel of (c) in red is the best-fitting noise model and solution to 
equation (2). In the middle panel of (c), the noise is remo v ed and the best-fitting transit model is shown in red. The bottom panel shows the final residuals after 
fitting. 
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nd only the timing offsets, limb darkening, and GP hyperparameters 
ere fit. 
If, upon visual inspection, the fit resulted in an obviously incorrect 

ransit centre or clear residuals showing correlated noise, the transit 
as discarded. In all cases, this was due to either too few data
oints or to significant residual correlated noise (often attributable to 
irmass) as can be seen in Figs A2 and A3 . A clear anticorrelated
rend of TTVs is shown between the two outer planets in Fig. 3
ith an amplitude of around 10 min, which is on the lower end of

he range of the predictions made by G20 . We perform dynamical
nalysis on these timing offsets in further detail in the following 
ection. 

 DY N  A M I C A L  A N  ALYSIS  

.1 TTV retrieval 

ur long-term follow-up campaign revealed a near-linear ephemeris 
or TOI-270 b and substantial, anticorrelated deviations from linear 
phemerides for TOI-270 c and d. We modelled the transit timing data 
or all three planets using the ttvfast code (Deck et al. 2014 ).
iven the planetary and stellar masses along with the osculating 
lanetary orbital elements (using the orbital periods instead of the 
emimajor axes) at the beginning of the integration, ttvfast 
apidly forward-models the transit timings, which can then be com- 
ared to observations. Rather than fitting directly in these parameters, 
e chose a basis that allows us to speed up computations and a v oid
ias. First, rather than fitting for the eccentricity e and argument of
eriastron ω separately, we fit in the ( 

√ 

e cos ω, 
√ 

e sin ω) basis. This
 v oids the pitfalls of fitting for periodic parameters while naturally
dmitting a uniform prior on e and ω due to the constant Jacobian
Eastman, Gaudi & Agol 2013 ). Secondly, we used the time of first
ransit as a convenient reparametrization of the mean anomaly (e.g. 
ontof-Hutter et al. 2016 ; Libby-Roberts et al. 2020 ). Thirdly, for the
urposes of the dynamical modelling, we fixed the inclinations and 
ongitudes of ascending node to 90 ◦ and 0 ◦, respectively. This is com-

only done to reduce dimensionality in TTV modelling, as the signal
as only a higher-order dependence on the mutual inclinations (e.g. 
ithwick, Xie & Wu 2012 ; Nesvorn ́y & Vokrouhlick ́y 2014 ), which
re known to be small for multiplanet systems in general (F abryck y
t al. 2014 ; Gilbert & F abryck y 2020 ) and for the multitransiting
OI-270 specifically ( G20 ). All in all, we fit five parameters ( M p / M � ,
 , 
√ 

e cos ω , 
√ 

e sin ω , and T 0 ) for each of the three planets, giving
 total of 15 fit parameters. Orbital elements were osculating and
efined at the simulation start time BJD = 2458381 using Jacobi
MNRAS 510, 5464–5485 (2022) 
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Figure 3. Results of the TTV analysis. In the top panels, the timing data are shown with a linear ephemeris (determined via least-squares) remo v ed. We show 

the maximum a posteriori probability (MAP) model with dark blue curves, and 100 random samples from the posterior are plotted in light blue to give a sense 
for the uncertainty. In the bottom panels, the residuals from the MAP model are given, with the black dashed line indicating a perfect fit. 
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With our forward model defined, we proceeded to find the model
arameters with DEMCMC, implemented in the v3.0 of the EMCEE

ackage (F oreman-Macke y et al. 2013 , 2019 ). We used Gaussian
riors on the planet mass ratios from VE21 , wide uniform priors
n all other parameters, and these priors are noted in Table 4 ,
abelled as ‘TTV + RV’. We also ran a dynamical retrie v al with
ide uniform priors on the planet mass ratios to assess the degree

o which the TTVs alone could constrain the system dynamics;
hose priors are noted in Table 4 as well and labelled ‘TTV-only’.
n this fit, we used only linear ephemerides for planet b, fixing
he eccentricity to 0 and the mass to the value from VE21 , to
solate the dominant impact of the 2:1 resonance for planets c and
 and impro v e conv ergence. When computing the likelihood, we
ssumed that the data were drawn from a Student t distribution
ith 2 degrees of freedom rather than a Gaussian. Previous studies
f Kepler TTV data found that this distribution tends to better fit
he timing residuals than a Gaussian (Jontof-Hutter et al. 2016 ;
NRAS 510, 5464–5485 (2022) 
acDonald et al. 2016 ), and the Student t distribution can also
elp retrie v als on large, heterogeneous data sets remain resilient
o outliers (Agol et al. 2020 ). While Agol et al. ( 2020 ) use a
tudent t distribution with 4 degrees of freedom for analysing
TVs in the TRAPPIST-1 system, we choose to adopt 2 degrees of

reedom following Jontof-Hutter et al. ( 2016 ), whose Kepler residual
istogram with more data points displays a higher signal to noise.
e verified that these choices did not skew our results by first fitting

he TTVs of the well-characterized three-planet system Kepler-51;
e used the same fitting basis as Libby-Roberts et al. ( 2020 ) and

eproduced their posteriors to well within 1 σ on each of the model
arameters. 
We first optimized the model using the Powell minimizer imple-
ented in scipy.optimize.minimize, and then initialized 48 walkers

or our DEMCMC in a Gaussian ball around this starting point. We
an each chain for 5 × 10 6 steps to burn-in the sampler and then
roceeded to run for 2 × 10 7 steps. This rather long chain length

art/stab3483_f3.eps
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Table 4. Orbital parameters obtained from TTV analysis. 

Parameter Prior (TTV + RV) 
Posterior 1 (TTV + RV; 

adopted) Prior 2 (TTV only) Posterior 2 (TTV only) Units 

M b N (1 . 58 , 0 . 26) 1 . 48 + 0 . 19 
−0 . 18 1.58 (fixed) – M ⊕

P b U (3 . 35 , 3 . 37) 3 . 35992 + 0 . 00005 
−0 . 00004 U (3 . 35 , 3 . 37) 3 . 35999 + 0 . 00005 

−0 . 00007 Days 
√ 

e b cos ω b U ( −0 . 7 , 0 . 7) 0 . 007 + 0 . 085 
−0 . 067 0 (fixed) – –

√ 

e b sin ω b U ( −0 . 7 , 0 . 7) −0 . 005 + 0 . 061 
−0 . 059 0 (fixed) – –

T 0, b U (2 . 65 , 2 . 81) 2 . 72985 + 0 . 00111 
−0 . 00129 U (2 . 65 , 2 . 81) 2 . 7301 + 0 . 0012 

−0 . 0013 Days 

M c N (6 . 14 , 0 . 38) 6 . 20 + 0 . 31 
−0 . 30 U (0 , 50) 4 . 5 + 1 . 7 −1 . 2 M ⊕

P c U (5 . 65 , 5 . 67) 5.66051 ± 0.00004 U (5 . 65 , 5 . 67) 5.66052 ± 0.00005 Days 
√ 

e c cos ω c U ( −0 . 7 , 0 . 7) 0 . 008 + 0 . 019 
−0 . 017 U ( −0 . 7 , 0 . 7) −0 . 025 + 0 . 014 

−0 . 015 –
√ 

e c sin ω c U ( −0 . 7 , 0 . 7) 0 . 077 + 0 . 006 
−0 . 007 U ( −0 . 7 , 0 . 7) 0 . 0700 + 0 . 0058 

−0 . 0055 –

T 0, c U (2 . 82 , 2 . 86) 2.8417 ± 0.0003 U (2 . 82 , 2 . 86) 2 . 84157 + 0 . 00029 
−0 . 00029 Days 

M d N (4 . 78 , 0 . 46) 4.20 ± 0.16 U (0 , 50) 3 . 62 + 0 . 47 
−0 . 47 M ⊕

P d U (11 . 36 , 11 . 4) 11.38194 ± 0.00010 U (11 . 36 , 11 . 4) 11 . 38165 + 0 . 00045 
−0 . 00033 Days 

√ 

e d cos ω d U ( −0 . 7 , 0 . 7) −0 . 021 + 0 . 071 
−0 . 041 U ( −0 . 7 , 0 . 7) −0 . 090 + 0 . 021 

−0 . 017 –
√ 

e d sin ω d U ( −0 . 7 , 0 . 7) 0 . 047 + 0 . 024 
−0 . 036 U ( −0 . 7 , 0 . 7) 0 . 016 + 0 . 026 

−0 . 021 –

T 0, d U (8 . 66 , 8 . 70) 8.68021 ± 0.00052 U (8 . 66 , 8 . 70) 8 . 67964 + 0 . 00071 
−0 . 00073 Days 

Note. Orbital elements are osculating and defined using Jacobi coordinates at the simulation start time BJD = 2458381. 
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as required to capture more than 50 autocorrelation lengths in 
he ( 

√ 

e cos ω, 
√ 

e sin ω) parameters, whereas the other parameters 
onv erged comparativ ely rapidly. The posterior distributions for our 
odel parameters are summarized in Table 4 and visualized for 

he TTV + RV fit in Fig. A4 . For ease of comparison to VE21 ,
e transformed the planet-to-star mass ratios back to the planetary 
asses in this figure and table. 
The results of our TTV-only retrie v al agree reasonably well with

he analysis of VE21 . The mass of planet c is concordant to within
 σ considering the uncertainty on both measurements, but there is a 
light tension at the 1.5 σ level between the results for planet d, with
TVs suggesting a slightly lower mass. However, the TTV-only 
asses are less precise than the RV masses. Still, the reasonable 

greement between independently derived masses suggests that both 
 xperiments hav e good control o v er systematic effects, and that the
asses are realistic. Additionally, from our TTV-only posteriors, we 

btain a mass ratio of M d /M c = 0 . 80 + 0 . 17 
−0 . 14 , in excellent agreement

ith VE21, who measured M d / M c = 0.78 ± 0.09. 
To get the full benefit of both data sets, we adopt our TTV + RV

ynamical solution in Table 4 , which is shown with the TTV data in
ig. 3 . The precision of the mass constraints is modestly increased
or planets b and c and is greatly impro v ed for planet d. This is
ecause the TTVs place strong constraints on the covariance between 
 c and M d , so prior information on one or both of these masses

esults in a very precise posterior. We are further able to constrain
he eccentricities and arguments of periastron for all three planets. 
he TTV data suggest that the eccentricities of the TOI-270 planets 
re quite low, with e b < 0.024 (95th percentile), e c = 0 . 00619 + 0 . 00092 

−0 . 00088 ,
nd e d < 0.011 (95th percentile). While we can only place an upper
imit on the inner and outer planets’ eccentricities, the eccentricity 
f TOI-270 c is detected. Moreo v er, the eccentricity constraints are
ot too affected by the choice of mass prior: for the uniform prior
etrie v al, we obtained e c = 0 . 00575 + 0 . 00097 

−0 . 00093 , and e d < 0.015 (95th
ercentile). More precise constraints on the masses and eccentricities 
ill await further sampling of the TTV curve by TESS and other

nstruments. 
.2 Long-term stability 

sing these dynamical constraints, we performed a suite of tests 
imed at characterizing the longer -term beha viour of the system. To
tart, we loaded 100 random samples from our posterior into the
ebound N -body integrator (Rein & Liu 2012 ; Rein & Spiegel
015 ). First, we integrated each sample for 100 yr, tracking the
esonant arguments 2 λd − λc − � c and 2 λd − λc − � d . We 
ound that both arguments circulate rather than librate, suggesting 
hat this system is only near and not in resonance despite the small
esonant proximity � = 

P d 
2 P c 

− 1 = 5 × 10 −3 . We then integrated 10
amples for 1 Myr, finding them to be stable on these time-scales.
onger integrations were prohibiti vely expensi ve as the time-step 
ust be small enough to sample the 3.36 d orbit of the inner planet.
e also integrated 1000 random samples for 10 kyr and calculated 

he distribution for the Mean Exponential Growth of Neighbouring 
rbits (MEGNO) parameter (Cincotta & Sim ́o 2000 ; Rein & Tamayo
016 ). We found that the entire sample was tightly clustered around
 MEGNO of 2, indicating that the system is not rapidly chaotic.
ogether, these tests suggest the stability and dynamical regularity 
f the system. 
We then performed a longer time-scale analysis of stability, 
aking use of the Stability Orbital Configuration Klassifier (SPOCK; 
amayo et al. 2020 ), a machine-learning model capable of classifying 

he stability of compact 3 + planetary systems with period ratios of
djacent planets � 2 o v er 10 9 orbits of the innermost planet, which
or our case is ∼10 7 yr. First, we computed the stability of the
ystem by considering the nominal values of the planet parameters 
erived from our TTV analysis combined with the results of the
V follow-up made by VE21 . We used the two models provided
y SPOCK: the original machine-learning model FeatureClassier, 
nd DeepRegressor, a Bayesian neural network model (Cranmer 
t al. 2021 ). Using these models, we found that the system has
 stability probability of 92 per cent and 97 per cent, respectively.
hen, once it was established that the system is highly stable in its
ominal configuration, we explored the masses and eccentricities of 
MNRAS 510, 5464–5485 (2022) 
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he planets, i.e. the parameters that have the most dramatic effect on
he orbital dynamics, by building stability maps of adjacent planets.
his was moti v ated by the fact that perturbation effects among planets

all exponentially with their separation; therefore, non-adjacent in-
eractions can be neglected (Quillen 2011 ; Petit et al. 2020 ; Cranmer
t al. 2021 ). The map building entailed exploring the parameter space
 b –M c and e b –e c for the inner planets b and c, and M c –M d and e c –e d 

or planets c and d. In each case, we explored each parameter within
ts uncertainty up to 5 σ . In our sets of simulations, we took 10 values
rom each range, meaning that the size of the stability maps was
0 × 10 pixels. We made use of the two algorithms FeatureClassier
nd DeepRegressor. In the case of FeatureClassier, for each scenario
e set 20 different random initial conditions by varying the longitude
f the ascending node and mean anomaly in the range of 0–360 deg .
e then averaged these 20 initial conditions to obtain the averaged

robability. On the other hand, in the case of DeepRegressor, due to
ts higher computational cost we set only five different random initial
onditions. Hence, for each stability map, we ran 2000 simulations
ith FeatureClassier and 500 with DeepRe gressor. F or each stability
ap, using FeatureClassie r and DeepRe gressor, respectiv ely, we

ound the following stability probabilities: (1) for the M b –M c map,
alues of � 92 per cent and � 97 per cent; (2) for the e b –e c map,
e found � 70 per cent and � 97 per cent; (3) for the M c –M d map,
e found � 83 per cent and � 97 per cent; and (4) for the e c –
 d map, we found � 86 per cent and � 97 per cent. These results
int that the system is very stable in the 5 σ range of masses and
ccentricities. 

 RESU LTS  A N D  DISCUSSION  

y combining our transit timing results with RV follow-up from
E21 , we arrive at precise masses of 1.48 ± 0.18 M ⊕ for planet b,
.20 ± 0.31 M ⊕ for planet c, and 4.20 ± 0.16 M ⊕ for planet d. We
lso detect eccentricities for all three planets of e b = 0 . 0167 + 0 . 0084 

−0 . 0089 ,
 c = 0 . 0044 + 0 . 0005 

−0 . 0006 , and e d 0.0066 ± 0.0020. 
For the star, we find a density of 10.63 ± 0.74 g cm 

−3 , in agreement
ith previous studies. No notable correlation was observed in the

tellar parameters being fit, nor was any found in the RV analysis
erformed by VE21 . The final results, including the adopted stellar
arameters for all three planets, are summarized in Table 5 We are
hus also able to further refine the system’s ephemerides, which will
e crucial for accurate planning of future transit observations and
pectral studies. 

.1 Combined TTV and RV analysis 

here are only a small handful of exoplanetary systems (about a
ozen) for which TTVs and RV data have been analysed both together
nd separately. In the case of the previously mentioned Kepler 9
ystem disco v ered by Holman et al. ( 2010 ), which was the first system
haracterized by TTVs, a series of follow-up studies (Borsato et al.
014 ; Borsato et al. 2019 ) used high-precision RVs in combination
ith TTVs to better determine the system’s masses. While the initial

tudies reported discrepant masses, with the TTV analysis giving
ignificantly lower masses than those produced by the RV analysis,
he 2019 re-analysis with further Kepler transits and follow-up with
ARPS-North revealed agreement between mass estimates with the

wo methods (Borsato et al. 2019 ). 
K2-19 is another three-planet, jointly analysed system, which

omprised a Neptune-sized inner planet and a Saturn-sized planet
n a 2:1 mean-motion resonance, as well as a close-in Earth-sized
NRAS 510, 5464–5485 (2022) 
lanet found in K2 data (Armstrong et al. 2015 ; Nespral et al. 2017 ).
n a similar manner to this study, RV and TTV follow-up of K2-
9 by Nespral et al. ( 2017 ) demonstrated either approach’s ability
o constrain planetary masses and further refine them through joint
nalysis. WASP 47 is a system with four known planets: a hot Jupiter,
wo sub-Neptunes, and an eccentric, long-period giant planet (Becker
t al. 2015 ). Combining RV data with several years of TTV data
llowed for more accurate masses to be obtained for the three inner
lanets, enabling a clearer picture of these planet’s likely two-part
volutionary history to be formed (Weiss et al. 2017 ). 

None the less, several recent studies have noted systematic
iscrepancies between TTV and RV analyses (Masuda et al. 2013 ;
eiss et al. 2013 ). Weiss et al. ( 2013 ) noted that for small planets

 < 4 M ⊕) TTV studies found systematically lower masses than did
V analyses of the same systems, with Mala v olta et al. ( 2017 )
ositing that such discrepancies could arise from other planets
amping the observed effects. Mills & Mazeh ( 2017 ) show that
hese differences are present for planets with periods of greater than
1 d, while shorter-period planets generally find good agreement.
ur study points to the compatibility of these two approaches,
ut more systems with masses analysed jointly by both TTVs
nd RVs could further illuminate the source of these systematic
ensions. 

.2 Evolution and additional planets 

ystems exhibiting mean-motion resonance can be powerful indi-
ators of evolution. Current models of planetary formation allow
or planets to form at any radius, and it is thought that mean-
otion resonance develops later on due to dissipative forces, rather

han as a direct result of planetary formation. For example, in
he two-planet, 2:1 MMR system K2-24, the magnitude of the
bserved TTVs indicates that disc migration alone could not produce
ts current configuration, pointing to the role of disc eccentricity
amping and excitation, as well as the possible presence of a third
lanet (Teyssandier & Libert 2020 ). Mills et al. ( 2016 ) demonstrate
hrough the example of the resonant chain in the four-planet Kepler
23 system that migration resulting in often-temporary resonances
s likely responsible for the orbits of many close-in sub-Neptune
lanets. 
TTV measurements can also provide significant evidence of

urther non-transiting planetary companions whose orbits are dis-
ributed across inclinations (Brakensiek & Ragozzine 2016 ). While
ur results do not co v er enough of a super-period to provide direct
vidence, the y leav e open the possibility of an additional planet TOI-
70 e either within the orbit of planet b or outside the orbit of planet
. As can be seen in the top panel of Fig. 3 , planet b contains several
oints that are outliers to the main trend line. Individual planet b
ransits pro v ed difficult to fit and were typically not discernible by
ye, so it is likely that these are genuine outliers where the fit was
ensitive to airmass and correlated noise. Ho we ver, it is possible that
hese points should not be treated as outliers and that further follow-
p will reveal a longer super-period trend for this planet, which could
e a further indication of a non-transiting companion. With continued
onitoring of this system, we can place further constraints on any

ossible undisco v ered companions. 

.3 Atmospheric and composition 

ur analysis produces densities for the TOI-270 planets of
.89 ± 0.66 g cm 

−3 , 2.70 ± 0.14 g cm 

−3 , and 2.90 ± 0.24 g cm 

−3 for
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Table 5. Stellar and planetary parameters. 

Parameter Value Source 

Star TOI-270 , TIC 259377017, L231-32 
Right ascension, declination 
(J2000) 

04h33m39.72s, −51 ◦57022.44 ′ ′ 

Longitude, Latitude (ecl. J2000) 02h52m35.24s, −71 ◦53049.29 ′ ′ 
Magnitudes V = 12.62, TESS = 10.416, J = 9.099 ± 0.032, Gaia = 11.63 

H = 8.531 ± 0.073, K = 8.251 ± 0.029 
Distance, d ∗ (parsec) 22.453 ± 0.021 
Mass, M ∗ (M �) 0.386 ± 0.008 Fit 
Radius, R ∗ (R �) 0.380 ± 0.008 Fit 
Density, g cm 

−3 10.63 ± 0.74 Derived 
Ef fecti ve temperature, T e (K) 3506 ± 70 
Surface gravity log ( g ) (cgs) 4.872 ± 0.026 Derived 
Limb darkening (TESS) c 1 , c 2 0.30 ± 0.04, 0.22 ± 0.09 Fit 

Parameter b c d Source 
T 0 − 2 457 000 (BJD) 1461.01464 + 0 . 00084 

−0 . 00093 1463.08056 ± 0.00040 1469.33823 ± 0.00032 Fit 
Period (days) 3.35992 ± 0.00005 5.66051 ± 0.00004 11.38194 ± 0.00011 Fit 
R p / R ∗ 0.0307 + 0 . 0012 

−0 . 0009 0.0560 ± 0.0017 0.0491 ± 0.0016 Derived 
cos i 0.0267 + 0 . 0256 

−0 . 0184 0.01393 + 0 . 00230 
−0 . 00282 0.0062 + 0 . 0019 

−0 . 0026 Fit 
a / R ∗ 17.108 + 3 . 526 

−1 . 858 25.569 ± 0.306 41.744 ± 0.527 Derived 
Mass M ⊕ 1.48 ± 0.18 6.20 ± 0.31 4.20 ± 0.16 Fit 
Radius R ⊕ 1.28 + 0 . 05 

−0 . 04 2.33 ±.01 2.00 ±.05 Fit 
Eccentricity e 0 . 0167 + 0 . 0084 

−0 . 0089 0 . 0044 + 0 . 0005 
−0 . 0006 0.0066 ± 0.0020 Fit 

Impact parameter b 0.48 ± 0.46 0.35 ± 0.06 0.23 ± 0.08 Derived 
Transit dur (hours) 1.294 ± 0.026 1.682 ± 0.019 2.117 ± 0.018 Derived 
Density ρp (g cm 

−3 ) 3.89 ± 0.66 2.70 ± 0.14 2.90 ± 0.24 Derived 
T eq (albedo = 0.3) 548 ± 15 448 ± 10 351 ± 8 Derived 
T eq (albedo = 0) 600 ± 16 489 ± 11 383 ± 9 Derived 
Surface gravity log 10 ( g ) (cgs) 2.95 ± 0.43 3.05 ± 0.15 3.01 ± 0.19 Derived 

Note. Stellar parameters are drawn from VE21 and G20 . Both fit and derived planetary parameters from this study are shown. Timing fits were 
performed by fixing planetary parameters to the Spitzer -derived values for planet c, and for TESS all-sector values for planets b and d. 
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lanets b, c, and, d, respectively. Their mass–radius relation places 
hem in the region of super-Earth and sub-Neptunes, as seen in Fig. 4 .
he innermost planet has a significantly higher density making 

ts composition likely rocky and Earth-like. To date, TOI-270 b is
ne of the smallest planets to be characterized with joint TTV and
V analysis. TOI-270 c and TOI-270 d have lower densities, which 
uggests similarly rocky core composition with the addition of a 
ore substantial H/He atmosphere. Compared to VE21 , our adopted 

adii change the densities for planet c and d slightly. As seen in Fig. 4 ,
his does not alter the bulk planetary characteristics significantly but 
hifts the atmospheric composition, increasing the ratio of H 2 to 
 2 O. 

.4 Potential for atmospheric characterization 

lanets between the size of Earth and Neptune are very common 
esults of planet formation, and it appears that approximately half of
un-like stars have at least one sub-Neptune in an orbit closer than

hat of Mercury (Petigura, Howard & Marcy 2013 ). Ho we ver, no
uch planets exist in our Solar system and our understanding of their
volution and atmospheres remains limited. One of the best studied 
ub-Neptunes to date is GJ 1214 b, which has a very flat transmission
pectrum, most likely because of a high-altitude haze formed through 
ethane photochemistry (Kreidberg et al. 2014 ). 
Cool sub-Neptunes, in particular, are useful probes of planet for- 
ation. Because they have not been exposed to such extreme photo- 
 v aporation as their more heavily irradiated counterparts, they retain
ore of their initial atmospheres. In the case where the planet is rela-

ively free from clouds or haze, this can be paired with spectroscopic
bservations to provide excellent evidence for different models of 
lanet formation. Even with haze present, as is the case for GJ 1214 b,
nd simulated analogues, Hood et al. ( 2021 ) demonstrate that with
igh-resolution infrared transmission spectra, numerous molecular 
eatures (such as for H 2 O, CO, and CO 2 ) can be detected in hazy sub-
eptune spectra that otherwise appear ‘featureless’, with even more 
romise at higher resolution with upcoming ELT instruments. White, 
ishra & Lewis ( 2021 ) further demonstrate the potential of JWST to

enetrate through hazy layers and detect features of CO 2 and CH 4 for
J 1214 b,. 
We calculated the transmission spectra metric (TSM) for the 

lanets of TOI-270 as described by Kempton et al. ( 2018 ), which is
eant to identify top TESS targets for atmospheric characterization 

efining an expected signal to noise for a given planet’s transmission
nd emission spectroscopy, and which enables us to compare the 
menability to atmospheric follow-up of our system with that of 
thers. All three targets fall well abo v e the suggested cutoff for
ollow-up and among the highest (most promising) for small-sized 
argets below 600K. Planet b, which is classed by Kempton et al.
 2018 ) as terrestrial, has a TSM of 102.1, abo v e the suggested TSM
utoff of 12. Planets c and d, which are classed as small sub-Neptunes,
ave TSMs of 125.8 and 124.0, respectively, above the suggested 
utoff of 92. 
MNRAS 510, 5464–5485 (2022) 
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Figure 4. Mass fits shown against a population of small mass and radius known exoplanets obtained from the NASA Exoplanet Archive (in grey). The orange 
points represents the RV mass priors from VE21 , which are consistent with the posterior to two-sigma level, and the teal points show the results of our 
TTV fit. Because our TTV fitting does not incorporate planetary radius, these two parameters are not correlated in our study. The dotted lines describe gas 
envelopes of varying composition. All composition profiles are from Kopparapu et al. ( 2014 ) (water/ice: H 2 O; rock: Mg 2 SiO4; iron: Fe; Earth-like: 67 per cent 
rock/33 per cent iron). 
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 C O N C L U S I O N  A N D  F U T U R E  WO R K  

e report 2 yr of follow-up transit observations of the three TOI-
70 planets, detecting significant TTVs, which enable us to refine
lanetary parameters, masses, and eccentricities. 
This work demonstrates the potential of TTV and joint TTV-

V analyses to refine the orbital parameters and masses of small
ear-resonant planets to within 5–10 per cent. Systems that have
een jointly analysed by these approaches are limited, and as
ESS re-observes targets from previous cycles in the coming years,
urther such studies could serve to emphasize the strengths of this
ombination as well as help elucidate potential discrepancies and
ystematic biases. 

Our work took a self-consistent approach to light-curve analysis
etween eight different observatories, including reanalysing TESS
p  

NRAS 510, 5464–5485 (2022) 
ata with the inclusion of new observations from cycle 3, finding
argely consistent refinements to planetary parameters and orbital
phemerides found by G20 and VE21 , and producing a picture of
 dynamically stable system of super-Earth/sub-Neptune planets,
hich show significant promise for future comparative planetology

hrough atmospheric studies. TOI-270 will continue to be observed
hrough 2021, with transit studies done with LCO (program id LCO
021A, PI Parviainen), ASTEP , NGTS , and TRAPPIST , which will
nable further TTV characterization. 

Ongoing observations of TOI-270 with HST (program id GO-
5814, PI Mikal-Evans) should provide a valuable glimpse into the
ystem’s chemical abundances, as well as a unique opportunity for
omparison between the two outer planets, whose similar size and
ensity lend itself extremely well to comparative planetology. Of
articular interest is the methane content of each planet, which is
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xpected to be measured to high sensitivity, as is the presence or
bsence of photochemical haze on either or both of the planets, which
ould allow for a direct comparison of the effect of temperature and

rradiation on haze production. 
Obtaining accurate masses is critical to the interpretation of follow- 

p atmospheric studies and evolutionary models and provides further 
nsight into the benefits of joint TTV and RV analyses. 
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Figure A1. Corner plot showing the posterior distribution for a representative subset of parameters of the simultaneous Spitzer transit fit for planet d, 
incorporating three transits. The fit uses pix el-lev el decorrelation (PLD), as described by Section 3.3. 
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Figure A2. Planet c transits. The leftmost column shows unprocessed light curves with data binned to TESS 2-min cadence for clarity. The middle column 
shows the fit by the GP plus the transit curve and the rightmost column gives the residuals to this fit. As can be seen in some cases, there were not enough data 
points to constrain the fitting. These observations were subsequently discarded before analysis. 

MNRAS 510, 5464–5485 (2022) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/4/5464/6454033 by U
niversity of W

arw
ick user on 21 M

arch 2022

art/stab3483_fA2.eps


Transit timings variations in the three-planet system: TOI-270 5481 

Figure A3. Planet d transits. Similar to Fig. A2 , each colour represents the respective telescope. Of note, several transits resulted in visibly incorrect fits, due 
to incomplete transit co v erage or remnant correlated noise (most often due to high airmass). These transits were excluded from further analysis. 
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Table A1. Transit timing variations planet b. 

Transit 
number Telescope 

Mid-transit time 
(BJD 

Timing 
offset (days) Error 

TOI-270 b 
1 TESS 2458387.09027 −0.00261 + 0 . 02110 

−0 . 00899 

2 TESS 2458390.45207 −0.00089 + 0 . 00378 
−0 . 00719 

3 TESS 2458393.81351 0.00047 + 0 . 01845 
−0 . 01340 

4 TESS 2458397.16906 −0.00406 + 0 . 02853 
−0 . 01907 

5 TESS 2458400.53171 −0.00149 + 0 . 01164 
−0 . 00563 

6 TESS 2458403.89026 −0.00302 + 0 . 00561 
−0 . 00158 

9 TESS 2458413.98191 0.00839 + 0 . 00724 
−0 . 00195 

10 TESS 2458417.33404 0.00044 + 0 . 00937 
−0 . 00525 

13 TESS 2458427.42528 0.01144 + 0 . 00135 
−0 . 01211 

15 TESS 2458434.13850 0.00450 + 0 . 00714 
−0 . 00048 

17 TESS 2458440.85173 −0.00243 + 0 . 02183 
−0 . 00992 

18 TESS 2458444.21671 0.00247 + 0 . 00253 
−0 . 00687 

19 TESS 2458447.57362 −0.00070 + 0 . 00130 
−0 . 00304 

22 TESS 2458457.65648 0.00192 + 0 . 00920 
−0 . 00671 

23 TESS 2458461.01628 0.00164 + 0 . 01262 
−0 . 00072 

34 LCO 2458497.97113 −0.00439 + 0 . 01585 
−0 . 00122 

37 LCO 2458508.05202 −0.00374 + 0 . 01428 
−0 . 01056 

38 LCO 2458511.41210 −0.00374 + 0 . 00679 
−0 . 00338 

103 NGTS 2458729.82844 0.00740 + 0 . 00311 
−0 . 01621 

133 LCO 2458830.63207 0.00863 + 0 . 01162 
−0 . 01385 

215 LCO 2459106.16860 0.01860 + 0 . 00022 
−0 . 00555 

218 TESS 2459116.23825 0.00801 + 0 . 01181 
−0 . 00759 

219 TESS 2459119.60599 0.01567 + 0 . 00526 
−0 . 00555 

220 TESS 2459122.95868 0.00828 + 0 . 01197 
−0 . 01316 

221 TESS 2459126.32468 0.01420 + 0 . 00414 
−0 . 00683 

223 TESS 2459133.04645 0.01581 + 0 . 01880 
−0 . 02103 

224 TESS 2459136.40990 0.01918 + 0 . 01333 
−0 . 03099 

225 TESS 2459139.76388 0.01308 + 0 . 01296 
−0 . 02113 

227 LCO 2459146.48644 0.01548 + 0 . 00794 
−0 . 01916 

236 TESS 2459176.73154 0.01986 + 0 . 00112 
−0 . 00293 

237 TESS 2459180.08965 0.01789 + 0 . 00268 
−0 . 00114 

238 TESS 2459183.45059 0.01875 + 0 . 00004 
−0 . 00585 

240 TESS 2459190.16616 0.01416 + 0 . 00736 
−0 . 00111 

241 TESS 2459193.53089 0.01881 + 0 . 01788 
−0 . 02524 

242 TESS 2459196.88738 0.01522 + 0 . 00599 
−0 . 00208 

Note. Mid-Transit times for planet b. The Timing Offset is reported in relation to the initial G20 TESS linear ephemerides. 
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Transit timings variations in the three-planet system: TOI-270 5483 

Table A2. Transit timing variations planet c. 

Transit 
number Telescope 

Mid-transit time 
(BJD 

Timing 
offset (days) Error 

TOI-270 c 
0 TESS 2458383.84177 0.00376 + 0 . 00086 

−0 . 00093 

1 TESS 2458389.50354 0.00503 + 0 . 00098 
−0 . 00141 

2 TESS 2458395.16239 0.00340 + 0 . 00064 
−0 . 00060 

4 TESS 2458406.48248 0.00249 + 0 . 00106 
−0 . 00134 

5 TESS 2458412.14178 0.00131 + 0 . 00073 
−0 . 00091 

6 TESS 2458417.80261 0.00164 + 0 . 00145 
−0 . 00126 

7 TESS 2458423.46444 0.00298 + 0 . 00084 
−0 . 00081 

8 TESS 2458429.12270 0.00075 + 0 . 00103 
−0 . 00098 

9 TESS 2458434.78365 0.00120 + 0 . 00101 
−0 . 00097 

10 TESS 2458440.44412 0.00118 + 0 . 00127 
−0 . 00155 

11 TESS 2458446.10403 0.00060 + 0 . 00087 
−0 . 00094 

12 TESS 2458451.76531 0.00138 + 0 . 00128 
−0 . 00114 

13 TESS 2458457.42794 0.00352 + 0 . 00394 
−0 . 00205 

14 LCO 2458463.08389 −0.00103 + 0 . 00032 
−0 . 00033 

19 LCO 2458491.38544 −0.00193 + 0 . 00037 
−0 . 00043 

33 ASTEP 2458570.63326 −0.00102 + 0 . 00149 
−0 . 00134 

37 Spitzer 2458593.27348 −0.00277 + 0 . 00018 
−0 . 00018 

55 TRAPPIST 2458695.16181 −0.00332 + 0 . 00061 
−0 . 00085 

61 TRAPPIST 2458729.12413 −0.00395 + 0 . 00067 
−0 . 00066 

61 LCO 2458729.12540 −0.00268 + 0 . 00036 
−0 . 00036 

63 LCO 2458740.44769 −0.00138 + 0 . 00056 
−0 . 00053 

66 LCO 2458757.42889 −0.00166 + 0 . 00031 
−0 . 00031 

69 LCO 2458774.41028 −0.00175 + 0 . 00040 
−0 . 00038 

70 TRAPPIST 2458780.06961 −0.00291 + 0 . 00080 
−0 . 00096 

72 LCO 2458791.39388 0.00037 + 0 . 00033 
−0 . 00032 

73 LCO 2458797.05387 −0.00013 + 0 . 00034 
−0 . 00035 

73 TRAPPIST 2458797.05430 0.00030 + 0 . 00066 
−0 . 00067 

74 LCO 2458802.71417 −0.00032 + 0 . 00034 
−0 . 00036 

77 LCO 2458819.69528 −0.00069 + 0 . 00128 
−0 . 00100 

78 Spitzer 2458825.35745 0.00098 + 0 . 00019 
−0 . 00018 

81 Spitzer 2458842.33935 0.00141 + 0 . 00014 
−0 . 00014 

83 Spitzer 2458853.66120 0.00228 + 0 . 00015 
−0 . 00015 

84 Spitzer 2458859.32203 0.00261 + 0 . 00013 
−0 . 00012 

107 ASTEP 2458989.51812 0.00736 + 0 . 00106 
−0 . 00113 

108 ASTEP 2458995.17581 0.00455 + 0 . 00200 
−0 . 00195 

110 ASTEP 2459006.50192 0.00968 + 0 . 00105 
−0 . 00106 

129 TESS 2459114.05383 0.01222 + 0 . 00070 
−0 . 00072 

130 TESS 2459119.71415 0.01205 + 0 . 00099 
−0 . 00100 

131 TESS 2459125.37407 0.01147 + 0 . 00076 
−0 . 00076 

132 TESS 2459131.03666 0.01358 + 0 . 00069 
−0 . 00071 

135 LCO 2459148.01698 0.01241 + 0 . 00027 
−0 . 00029 

139 TESS 2459170.65889 0.01235 + 0 . 00086 
−0 . 00090 

140 TESS 2459176.31907 0.01204 + 0 . 00081 
−0 . 00079 

141 TESS 2459181.98058 0.01305 + 0 . 00100 
−0 . 00101 

142 TESS 2459187.64029 0.01228 + 0 . 00092 
−0 . 00088 

143 TESS 2459193.30171 0.01320 + 0 . 00129 
−0 . 00124 

147 LCO 2459215.94006 0.00958 + 0 . 00112 
−0 . 00111 

Note. Mid-transit times for planet c. The Timing offset is reported in relation to the initial G20 TESS linear ephemerides. 
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5484 L. Kaye et al. 

Table A3. Transit timing variations planet d. 

Transit 
number Telescope 

Mid-transit time 
(BJD 

Timing 
offset (days) Error 

TOI-270 d 
1 TESS 2458389.67893 −0.00320 + 0 . 00118 

−0 . 00097 

2 TESS 2458401.05791 −0.00370 + 0 . 00118 
−0 . 00158 

3 TESS 2458412.43573 −0.00536 + 0 . 00614 
−0 . 00128 

5 TESS 2458435.19786 −0.00219 + 0 . 00087 
−0 . 00098 

6 TESS 2458446.57953 0.00000 + 0 . 00203 
−0 . 00164 

7 TESS 2458457.95868 −0.00033 + 0 . 00449 
−0 . 00243 

14 LCO 2458537.61795 0.00259 + 0 . 00067 
−0 . 00075 

24 Spitzer 2458651.41688 0.00672 + 0 . 00025 
−0 . 00024 

33 LCO 2458753.83030 0.00484 + 0 . 00033 
−0 . 00033 

33 NGTS 2458753.83266 0.00720 + 0 . 00108 
−0 . 00125 

34 LCO 2458765.21150 0.00656 + 0 . 00046 
−0 . 00047 

35 LCO 2458776.59113 0.00671 + 0 . 00071 
−0 . 00069 

38 NGTS 2458810.72707 0.00421 + 0 . 00079 
−0 . 00083 

38 TRAPPIST 2458810.73193 0.00908 + 0 . 00142 
−0 . 00116 

39 Spitzer 2458822.10886 0.00652 + 0 . 00023 
−0 . 00022 

42 Spitzer 2458856.24751 0.00674 + 0 . 00024 
−0 . 00023 

59 LCO 2459049.69684 0.00492 + 0 . 00070 
−0 . 00070 

63 LCO 2459095.21369 0.00386 + 0 . 00043 
−0 . 00037 

65 TESS 2459117.97101 0.00221 + 0 . 00094 
−0 . 00107 

67 TESS 2459140.73102 0.00327 + 0 . 00118 
−0 . 00128 

70 TESS 2459174.86949 0.00331 + 0 . 00136 
−0 . 00119 

72 TESS 2459197.62899 0.00385 + 0 . 00123 
−0 . 00106 

Note. Mid-transit times for planet d. The timing offset is reported in relation to the initial G20 TESS linear ephemerides. 
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