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Abstract

The Transiting Exoplanet Survey Satellite (TESS) follow-up of a large number of known transiting exoplanets
provides a unique opportunity to study their physical properties more precisely. Being a space-based telescope,
the TESS observations are devoid of any noise component resulting from the interference of Earth’s atmosphere.
TESS also provides a greater probability to observe subsequent transit events owing to its longer uninterrupted
time-series observations compared to ground-based telescopes. For the exoplanets around bright host stars in
particular, TESS time-series observations provide high signal-to-noise ratio (S/N) lightcurves, which can be
used for higher-precision studies for these exoplanets. In this work, I have studied the TESS transit photometric
follow-up observations of 28 exoplanets around bright stars with V,,,, < 10. The already high-S/N lightcurves
from TESS have been further processed with a critical noise-treatment algorithm, using the wavelet-denoising
and the Gaussian-process regression techniques, to effectively reduce the noise components, both correlated and
uncorrelated in time, which were then used to estimate the physical properties of these exoplanets. The study has
resulted in very precise values for the physical properties of the target exoplanets, with the improvements in
precision being significant for most of the cases compared to the previous studies. Also, since a comparatively
large number of transit lightcurves from TESS observations were used to estimate these physical properties for
each of the target exoplanets, which removes any bias due to the lack of sufficient data sets, these updated
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physical properties can be considered extremely accurate and reliable for future studies.

Unified Astronomy Thesaurus concepts: Transit photometry (1709); Exoplanets (498); Hot Jupiters (753);
Gaussian Processes regression (1930); Wavelet analysis (1918)

1. Introduction

The Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) is a survey telescope for discovering new
exoplanets around nearby bright stars. Over the span of this
entire survey, TESS will cover a large portion (>90%) of the
sky. This also means that TESS automatically does follow-up
observations of many of the previously known exoplanets.
Most of the previously known exoplanets discovered by
ground-based survey missions have so far only been studied
using the observations from small (sub—2m class) ground-
based telescopes, which are both affected by the noise
components from the interference of Earth’s atmosphere and
limited by the reduced signal-to-noise ratio (S/N) in the
observed lightcurves. This has resulted in large uncertainties in
the currently known physical properties of these exoplanets.
However, TESS, being a space-based instrument, provides
observations not affected by the Earth’s atmosphere. For the
nearby bright stars in particular, the TESS lightcurves have
reasonably high S/N. This gives a unique opportunity to
conduct follow-up studies of the transiting exoplanets around
nearby bright stars, which can give a more precise and accurate
estimation of their physical properties.

In this work, I have studied the transit photometric follow-
up observations of 28 exoplanets around bright stars with
Vmag < 10 from TESS, to estimate their physical properties
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with greater accuracy and precision compared to the previous
studies. Being very bright stars, the TESS photometric
lightcurves obtained for these targets are expected to have
high S/N. Also, I have found that for most of these targets,
the currently known parameter values estimated in previous
studies have large uncertainties, as they were previously
estimated from ground-based transit observations. This is
motivation for a transit follow-up study using TESS
observations, which could provide a better estimation of
these physical properties.

One of the major factors that limit the capability of ground-
based as well as space-based telescopes is the noise
components in the signal, which originate from various
sources. Broadly, these noise components can be categorized
into two types, noise components which are uncorrelated in
time, and noise components which are correlated in time. The
noise uncorrelated in time originates from several instrumental
factors, outliers due to various astronomical phenomena, and in
the case of ground-based observations, the variability of Earth’s
atmosphere. On the other hand, the noise correlated in time
originates from stellar activity and pulsations, small-scale
variability of the planet-hosting stars, and instrumental effects.
Previously, Chakrabarty & Sengupta (2019), Saha et al. (2021),
and Saha & Sengupta (2021) developed a critical noise-
treatment algorithm using the wavelet-denoising and the
Gaussian-process (GP) regression techniques to reduce the
noise components, both uncorrelated and correlated in time,
from the transit lightcurves. Saha & Sengupta (2021) applied
this algorithm to the transit photometric data from TESS and
demonstrated its effectiveness in estimating the physical
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Table 1
Targets and Observational Details
Host Star No. of Full
Target Name Vinag Sector Transits
KELT-2 A b 8.68 43-45 16
KELT-3 b 9.82 21, 48 17
KELT-4 A b 9.98 48 7
KELT-11 b 8.04 9 5
KELT-17 b 9.23 44-46 22
KELT-19 A b 9.86 7,33 4
KELT-20 b 7.59 14, 40, 41, 54 27
KELT-24 b 8.34 14, 20, 21, 40, 41, 32
47, 48
HAT-P-1 b 9.83 56 5
HAT-P-2 b 8.72 24, 25, 51, 52 16
HAT-P-11 b 9.46 14, 15, 41, 54-56 31
HAT-P-22 b 9.76 21, 48 14
HAT-P-69 b 9.77 7, 34 4
HAT-P-70 b 9.47 5,32 9
MASCARA-4 b 8.19 10, 11, 36, 38 17
X0O-3b 9.85 19 6
WASP-7 b 9.5 27 4
WASP-8 b 9.79 2,29 4
WASP-14 b 9.75 50 6
WASP-18 b 9.28 2,3, 29, 30 91
WASP-33 b 8.14 18 16
WASP-69 b 9.87 55, 81 4
WASP-76 b 9.52 30, 42, 43 33
WASP-99 b 9.48 3, 29, 30 12
WASP-136 b 9.97 29, 42 7
WASP-166 b 9.35 8, 35 6
WASP-178 b 9.95 11, 38 7
WASP-189 b 6.6 51 3

properties of the transiting exoplanets more precisely. I have
used the same algorithm as was used in Saha & Sengupta
(2021) to effectively deal with the noise components present in
the TESS transit lightcurves analyzed in this work.

In Section 2, I discuss the target selection and observations;
in Section 3, I detail the data analysis and modeling techniques;
and finally in Section 4, I discuss the results obtained from
this work.

2. Target Selection and Observational Data

For this study, I have selected those transiting exoplanets
that orbit around stars with Vi, < 10 and have TESS follow-
up observational data from one or more than one sectors. The
28 exoplanets selected through this criteria are KELT-2 b,
KELT-3 b, KELT-4 A b, KELT-11 b, KELT-17 b, KELT-19 A
b, KELT-20 b, KELT-24 b, HAT-P-1 b, HAT-P-2 b, HAT-P-
11 b, HAT-P-22 b, HAT-P-69 b, HAT-P-70 b, MASCARA-4
b, XO-3 b, WASP-7 b, WASP-8 b, WASP-14 b, WASP-18 b,
WASP-33 b, WASP-69 b, WASP-76 b, WASP-99 b, WASP-
136 b, WASP-166 b, WASP-178 b, and WASP-189 b. While
most of these exoplanets are hot-to-warm Jupiters, HAT-P-11 b
is a warm Neptune, and WASP-166 is a warm Saturn.

The TESS PDCSAP observational lightcurves (Smith et al.
2012; Stumpe et al. 2012, 2014; Jenkins 2017) of these targets
was obtained from the public Mikulski Archive for Space
Telescopes (MAST).? In Table 1, I list the Vimag Of the host stars

3 https: //mast.stsci.edu/portal /Mashup /Clients /Mast/Portal.html
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(obtained from NASA Exoplanet Archive*), the TESS sectors
of observations, and the number of full transits observed for
each of the target exoplanets.

3. Data Analysis and Modeling

The TESS lightcurves obtained from MAST for each of the
targets from each sector spans over ~27 days. I have identified
the full-transit observations in those lightcurves, and sliced
them into smaller transit lightcurves, which were used for
analysis. Only the full-transit observations were considered in
this study, as this removes the possibility of bias due to an
incomplete baseline. Also, the TESS observations for the
exoplanets targeted in this study had a sufficient number of full-
transit observations so as to avoid any bias in the analysis due
to insufficient data sets.

The transit lightcurves were then baseline corrected by
modeling the out-of-transit sections with a first-order
polynomial and subtracting it from the entire lightcurves.
Baseline correction removes any large-scale correlated noise
components in the signal that are either due to instrumental
effects or long-term stellar variability. I refrained from using a
higher-order polynomial for baseline correction, as it may
induce unwanted distortions in the transit signal in the
lightcurves, and also because the GP regression technique
would be used at a later stage to remove any shorter-scale
correlated noise components.

The lightcurves were then processed with the wavelet-
denoising technique (Donoho & Johnstone 1994; Pan et al.
1999; Luo & Zhang 2012; Chakrabarty & Sengupta 2019; Saha
& Sengupta 2021; Saha et al. 2021) to reduce the time-
uncorrelated fluctuations in the lightcurves. Unlike other
smoothing techniques, like binning, the wavelet-denoising
technique uses wavelet transform to segregate the low-
amplitude noise components from the high-amplitude signal,
while preserving the valuable high-frequency components
arising from the transit event in the lightcurves. I have
followed the same procedure for wavelet denoising as is given
by Saha & Sengupta (2021). The analysis uses PyWavelets
(Lee et al. 2019) python package for wavelet operations using
the Symlet family of wavelets (Daubechies 1988), which are
the least asymmetric modified versions of the Daubechies
wavelets (Daubechies 1992; Rowe & Abbott 1995). A single
level of wavelet transform was used to avoid oversmoothing of
the lightcurves, and the widely adopted universal thresholding
law (Donoho & Johnstone 1994) was used to estimate the
threshold values for the noise level.

To reduce the correlated noise components in the transit
lightcurves, I have used the GP regression technique (Rasmussen
& Williams 2006; Johnson et al. 2015; Chakrabarty & Sengupta
2019; Pereira et al. 2019; Barros et al. 2020; Saha & Sengupta
2021; Saha et al. 2021). I used the same procedure for GP
regression as is discussed in Saha & Sengupta (2021). GP
regression is used to model the noise components correlated in
time in the lightcurves while simultaneously modeling for the
transit signal. While applying GP regression, I used the Matérn
class covariance function with the parameter of covariance,
v=3/2, and two free parameters, i.e., the signal standard
deviation « and the characteristic length scale 7, which are used
as GP regression model parameters.

4 htps: //exoplanetarchive.ipac.caltech.edu/
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Figure 1. Observed and best-fit model lightcurves (one transit event) for KELT-2 A b

, KELT-3 b, KELT-4 A b, and KELT-11 b. For each observed transit, the three

sections in each panel show (top) the unprocessed lightcurve (cyan), the lightcurve after wavelet denoising (magenta), and the best-fit transit model (blue); (middle) the

residual after modeling without GP regression (magenta), and the mean (blue) and 1
flux (blue).

For modeling the transit signature in the lightcurves, the
analytical transit formalism by Mandel & Agol (2002) was
used, which also incorporates the limb-darkening effect using
the quadratic limb-darkening law. The Markov Chain Monte
Carlo (MCMC) sampling technique was used to simulta-
neously model the transit lightcurves for transit signatures and
the correlated noise, which incorporated the Metropolis—
Hastings algorithm (Hastings 1970).

The directly estimated parameters from modeling the transit
lightcurves, b, R,/a, and R,/R,, were used along with the
radial velocity and stellar parameters from the previous
studies to derive other physical properties for the target

o interval (cyan) of the best-fit GP regression model; (bottom) mean residual

exoplanets. The previous studies from which the radial
velocity and stellar parameters were adopted are Stassun
et al. (2017, 2019), Beatty et al. (2012), Pepper et al. (2013,
2017), Eastman et al. (2016), Zhou et al. (2016). Siverd et al.
(2018), Talens et al. (2018), Lund et al. (2017), Hjorth et al.
(2019), Rodriguez et al. (2019), Nikolov et al. (2014), Ment
et al. (2018), Tsantaki et al. (2014), Yee et al. (2018), Mancini
et al. (2018), Bonomo et al. (2017), Zhou et al. (2019), Dorval
et al. (2020), Southworth (2012), Knutson et al. (2014),
Cortés-Zuleta et al. (2020), Lehmann et al. (2015), West et al.
(2016), Hellier et al. (2014, 2019a, 2019b), Lam et al. (2017),
Rodriguez Martinez et al. (2020), and Lendl et al. (2020). The
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midtransit times estimated from modeling the transit light-
curves were used to estimate the transit ephemeris parameters,
T and P.
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Figure 2. Same as Figure 1, but for KELT-17 b, KELT-19 A b, KELT-20 b, KELT-24 b, and HAT-P-1 b.

4. Results and Discussions
The transit lightcurves corresponding to one transit event for

Saha

each of the target exoplanets studied in this work are shown in
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Figure 3. Same as Figure 1, but for HAT-P-2 b, HAT-P-11 b, HAT-P-22 b, HAT-P-69 b, and HAT-P-70 b.

Figures 1-6. The figures show the unprocessed transit lightcurves the best-fit GP regression model, and the final residual flux. It can
from TESS data, the lightcurves after wavelet denoising, the best- be noticed from these figures that the wavelet-denoising
fit transit model, the residuals without GP regression along with technique has reduced the time-uncorrelated fluctuations in the
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Figure 4. Same as Figure 1, but for MASCARA-4 b, XO-3 b, WASP-7 b, WASP-8 b, and WASP-14 b.

lightcurves without oversmoothing them. This is the advantage of
the wavelet-denoising technique over the traditional techniques,
like binning, which also crop out the essential higher-frequency

signal components from the lightcurves. It can also be seen from
the figures that the GP regression technique has modeled the
time-correlated noise components quite efficiently to render the
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Figure 5. Same as Figure 1, but for WASP-18 b, WASP-

final residual flux minimal. One of the major advantages of the
GP regression technique is that it can model the correlated noise
components with better efficiency for an increase in the S/N of

33 b, WASP-69 b, WASP-76 b, and WASP-99 b.

the photometric observations. This is reflected from these figures
as well, where the lightcurves with better S/N have the least
deviation in the final residual flux.
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Figure 6. Same as Figure 1, but for WASP-136 b, WASP-166 b, WASP-178 b, and WASP-189 b.

All the physical properties of the target exoplanets estimated
in this study are tabulated in Tables 2—-8. The best-fit GP
regression model parameters are given in Table 9. It can be
seen from these tables that the precision in the estimated values
of the physical properties from this study are reasonably high,
owing to the high-S /N photometric observations from TESS as
well as the implementation of the critical noise-treatment
algorithm. The corner plots depicting the posterior distribution
of the directly estimated transit parameters from the MCMC
sampling for KELT-3 b, KELT-20 b, and WASP-18 b are
shown in Figures 7-9. These plots show the accuracy in the
estimation of the physical properties from this work, and that
the uncertainties in the estimated parameters are not under-
estimated. To understand the extent of improvements in the

physical properties for the target exoplanets from this study, the
estimated physical properties have been compared with those
from the previous studies involving observations from both
ground-based as well as space-based instruments.

Comparing the estimated parameters with the previous
studies involving only ground-based observations, an improve-
ment in precision in the present study is observed for all the
cases. This could be a result of two primary factors. First, the
ground-based observations are heavily affected by the noise
arising from Earth’s atmosphere. Hence, even if ground-based
telescopes as large as the 2 m class have been used in some of
the studies, the cumulative noise in those observations might be
greater than the smaller space-based TESS observations. The
second factor is the lack of implementation of any significant
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Estimated Physical Parameters for KELT-2 A b, KELT-3 b, KELT-4 A b, and KELT-11 b

Table 2

Saha

Parameter

KELT-2 A b

KELT-3 b

KELT-4 A b

KELT-11 b

Transit parameters
To [BJDrpg]

2,459,475.4264139%17

P [days] 4.11378613900018
b 0.29979%43
R,/a 0.1562+3:9922
R,/R. 0.06833 & 0.00023

Limb-darkening coefficients
C

0.323+0:028

2,458,872.85409+5,59912
2.70339033 = 0.00000065

0.6717591,
0.1756 + 0.002
0094951530035

0.30810:938

2,459,610.39041 £ 0.00022
2.989582 £ 0.000044

0.63'81
0.160256033
0.10698-9:000%2

0.275+§ &9

2,458,549.0776215:99069
4.73617 + 0.00027
04370433
0.2047-565%
0.04644 + 0.00051

047179933

C 0.07973%% 0111443 02797 0.091+3:983
Derived parameters
Ty4 [hr] 5.061 £ 0.012 3.171 £ 0.011 3.259 £0.016 7112559
a/R, 6.40310:%7 5.6967 938 6.2427998 489792
i [deg] 87.33%03) 83231012 8421022 849113
M, [Mj] 1.5259977 1.479 4+ 0.063 0.899799%% 0.195 +£ 0.018
M, [M] 483 £ 24 470 £ 20 286713 62.1+5.9
Teq [KI 1719713 1868 + 18 1756 + 25 171773
a [au] 0.0542 + 0.0022 0.039 +0.0018 0.0465 4 0.0013 0.06175%3:008
R, [Ri] 1.1259%¢ 1.36 & 0.06 1.668 +0.041 1.229 + 0.078
R, [Ro] 13.57 £ 0.52 15.24 £ 0.67 18.69 + 0.46 13.78 + 0.87
Table 3

Estimated Physical Parameters for KELT-17 b, KELT-19 A b, KELT-20 b, and KELT-24 b

Parameter KELT-17 b KELT-19 A b KELT-20 b KELT-24 b

Transit parameters
To [BIDps]

2,459,502.3949 + 0.00013

P [days] 3.0801805" 0000003
b 0.586 + 0.01
R./a 0.1587-0:0913
R,/R, 0.09174 100008

Limb-darkening coefficients
Ci

0.287" (473

2,458,494.13537+ 595034
4.61188 =+ 0.00013
0.382+0.9¢¢
0.115620:6033
0.09645+,99092

0.196+3495

G 0.1 G064 0.28%01
Derived parameters
Ty, [hr] 3.46761 5397 4.197 + 0.027
a/R, 6.302+0:04 8.65 4 0.26
i [deg] 84.66 & 0.13 8747738
M, [M)] 13+£0.28 3.98+032
M, [Me) 41579 1265+104

wq [K] 2100 £ 16 1802137
a [au] 0.048213:9917 0.0736 + 0.0044
R, [Ri] 1.469 =+ 0.049 17173954
R, [Rs] 16.46 & 0.55 19241

2,458,684.31434713:500077
3.47410034 + 0.00000034
0.5193*3:00%
0.13428 50003
0.1157+3:59018

02714503
0.094 1534

3.538 + 0.004
74470054
86.00175:938
3.355109%3

1129 4 20
2329 + 24
0.056 + 0.0014
1.821 + 0.045
2041793

2,458,684.816347 £ 0.000063
5.55149347 =+ 0.00000055
0.096+3933
0.093557 330034
0.087:3:30013

0.263700:%
0.16519:5%3

4.3038+35043
10. 689*8'822
89.49703
4.65+0.16
1478%3)
1408 + 11
0.074813:%011
1.275 +0.019
14.29 +0.21

noise reduction technique in the previous studies, which has
left the reducible noise components (such as correlated noise)
untreated, and has contributed toward the larger uncertainties in
the estimated parameters.

On the other hand, comparing the estimated properties with
the previous studies involving space-based observations would
be more interesting. Since all the target exoplanets studied in
this work are around bright host stars, several of them have
previously been studied using observations from TESS as well
as other space-based instruments. A comparison between them
would give both qualitative and quantitative ideas about the
capability of different instruments and differences in the results
from different approaches. I have compared the three primary
transit parameters, b, R, /R., and a/R, from the present work

and those from the previous studies, as listed in Table 10. b and
R,/R,. were estimated directly from modeling the transit
lightcurves, whereas a/R, was derived from the directly
estimated R, /a in the present study.

When comparing the studies involving larger space-based
telescopes than TESS, such as Spitzer, Hubble Space Telescope
(HST), Kepler, and CHaracterising ExOPlanet Satellite
(CHEOPS), a less precise estimation in the transit parameters
is expected than in the previous studies. However, this has not
always been reflected from the comparison and is detailed as
follows. Beatty et al. (2017) have studied KELT-11 b using
Spitzer observations, and their estimated values of b and a/R,
are more precise than the present study, but that of R,,/R, is less
precise than the present study. Garai et al. (2022) studied
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Table 4

Saha

Estimated Physical Parameters for HAT-P-1 b, HAT-P-2 b, HAT-P-11 b, and HAT-P-22 b

Parameter

HAT-P-1b

HAT-P-2 b

HAT-P-11b HAT-P-22 b

Transit parameters
To [BJDrpg]

P [days] 4.46508 1050018 5.6334665 + 0.0000014
b 07334992} 0.4560051

R./a 0.143.0657 0.1025* 56015
R,/R. 0.1161* 5013 0.06967* 556037

Limb-darkening coefficients

2,459,829.47609+3:990%

2,458,956.23792 £ 0.00013

2,458,871.629976 + 0.000089
3.21223293 + 0.00000058
0.441+0922
0.114 3881
0.110197¢:80056

2,458,687.2064515:9001
4.88780248 + 0.00000081
0.107532!
0.05968 0,000
0.0588579:5003*

C 0.22 +0.15 0.3017954 0.488+0:937 0.403+0:058
C 0.36:0% 0.09910077 0.094+012 0.147+ 9448
Derived parameters
Ty, [hr] 2.88679%% 42778405192 2.347919:0007 2.85987 00087
a/R, 104028 9.76+07 16.756+0:928 8.77479443
i [deg] 85.8%03% 87.32102¢ 89.631028 87.12+02
M, [Mj] 0.525 £ 0.019 10.15913 0.224 £ 0.01 217593
M, [M)] 166.97¢, 321148 712432 690* ¢
Teq [KI 133742} 1452 + 16 8263157 1268 + 14
a [au] 0.054613:992, 0.0777735%3, 0.05316793%077 0.0425+ 39012
R, [Ri] 13261093 1.159 4 0.041 0.391 + 0.0054 1.115 + 0.047
R, [Rs] 14.867938 12.99 + 0.46 4.383 + 0.061 12.57032
Table 5

Estimated Physical Parameters for HAT-P-69 b, HAT-P-70 b, MASCARA-4 b, and XO-3 b

Parameter HAT-P-69 b HAT-P-70 b MASCARA-4 b XO-3 b

Transit parameters
To [BIDpz]

P [days] 4.78689 + 0.00018 2.744219 =+ 0.000065
b 0.23+312 0.554799%,
R,/a 0.12923.9047 0.1837790%4,
R,/R, 0.08453+500073 0.0924-000073

Limb-darkening coefficients

2,459,232.985 + 0.0005

2,459,175.05307733%%37

2,459,282.43841 + 0.0001
2.8240776 00000061
0.39679918
0.1802+914
008737740005

2,458,819.06409 + 0.00026
3191585~ 500072
0.69470:03]

0.143 + 0.0044
0.08826" 390075

C 0.25170:98, 0.40975975 0.428%997 0.14754%
G, 0.19791% 0.14791 0.035799% 0.37 £0.14
Derived parameters

Ty4 [hr] 50274033 3.661°013 3.97000% 29447505
a/R, 7741547 5441013 55491004 6.9970%2

i [deg] 88297048 84.15%0¢, 85.91 4+ 0.22 8431+ 0.4
M, [Mj] 3.58 £ 0.57 6.87 + 0.025 3.15403, 12.16 + 0.44
M, [M,] 1137489 2183.477% 1000287 38651130
Teq [K] 1953+ 264374 245574 171913
a[au] 0.069279992 0.0499 + 0.002 0.0474 + 0.0015 0.0448+3:993
R, [R)] 1.584 +0.029 17715398, 1.561 +0.048 118370972
R, [Ra] 17.76 + 0.32 19.85 + 0.67 17.5793% 13.26 + 0.8

KELT-17 b and KELT-19 A b using CHEOPS and TESS
observations. For KELT-17 b, the estimated values of all three
parameters, b, R,/R,, and a/R,, from their study are less
precise than the present study. However, for KELT-19 b, their
estimated values of b and a/R, are more precise than the
present study, but that of R,/R, is less precise than the present
study. Nikolov et al. (2014) have studied HAT-P-1 b using
HST observations and their estimated values of all three
parameters, b, R,/R,, and a/R,, are more precise than the
present study. Sanchis-Ojeda & Winn (2011) studied HAT-P-
11 b using Kepler observations, and their estimated value of b
is more precise than the present study, but those of R,/R, and
a/R, are less precise than the present study. Lendl et al. (2020)
studied WASP-189 b using CHEOPS observations, and their

10

estimated values of all three parameters, b, R, /R., and a/R,,
are more precise than the present study.

Now, moving toward the previous studies involving
observations from TESS, Patel & Espinoza (2022) studied a
number of transiting systems, of which KELT-11 b, KELT-20
b, KELT-24 b, HAT-P-2 b, HAT-P-69 b, HAT-P-70 b, XO-3 b,
WASP-7 b, WASP-99 b, WASP-136 b, and WASP-166 b are
also in the present study. By comparing the estimated
parameters, except for a few cases such as b and a/R, for
KELT-11 b, b for HAT-P-69 b, b and a/R, for HAT-P-70 b,
and b and a/R, for WASP-7 b, the precision is better in the
present study compared to Patel & Espinoza (2022). Hord et al.
(2021) also studied a number of transiting exoplanets, of which
KELT-11 b, KELT-19 A b, HAT-P-69 b, HAT-P-70 b, WASP-
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Estimated Physical Parameters for WASP-7 b, WASP-8 b, WASP-14 b, and WASP-18 b

Table 6

Saha

Parameter

WASP-7 b

WASP-8 b

WASP-14 b

WASP-18 b

Transit parameters

Ty [BID1pg]

P [days]

b

R,/a

Ry/R.

Limb-darkening coefficients

2,459,038.75846 1500037
49546830001
0.53259%8
0.109*5-0032
0.07892-9:30083

2,458,358.92063* 500026
8.1587277 + 0.000004
0.64 + 0.018
0.0777%35913
0.11747 560163

2,459,671.35858 £ 0.00022

2.243832F 5900043
0.54510:933
0.1731903,
00943500157

2,458,354.457864 3000047
0.941452531 & 0.000000085
0.395799%
029076033
0.09836 0003

C 0.17 £0.11 0.37912 0.122+3,0%3 0.2827994
C, 0.297913 0.269% 0.531¢ 0.18979081
Derived parameters
Ty, [hr] 3.885 £ 0.027 4.44970922 2.842 +0.017 2.1907 + 0.0047
a/R, 9.17+9%° 12874947 578918 3.4415038
i [deg] 86.671937 87.151%12 84.58+941 83.41541
M, [M)] 11234098 224740078 735048 10.48+9:32
M, [My] 35672 714 +25 2319+13} 33324103
Teq [KI 152239 1104 + 18 1903439 245273
a [au] 00626100032 0.0616 + 0.0026 0.035713:0012 0.021105 + 0.00098
R, [Ri] 1.128 +0.045 1177594 1.216 + 0.054 1.263 +0.058
R, [Rs] 12.64 + 0.5 13.197922 13.6379¢, 14.15 £ 0.65
Table 7

Estimated Physical Parameters for WASP-33 b, WASP-69 b, WASP-76 b, and WASP-99 b
Parameter WASP-33 b WASP-69 b WASP-76 b WASP-99 b
Transit parameters
Ty [BID1pg] 2,458,792.63408 + 0.00014 2,459,798.77552 + 0.00014 2,459,117.687167+3:000073 2,458,387.96013 + 0.00027

P [days]

b

R,/a

Ro/R.
Limb-darkening coefficients
G

C,

Derived parameters
T4 [hr]

a/R,

i [deg]

M, [M;]

M, M)

Teq [K]

a [au]

R, [Ry]

R, [Ro)

1.219888 = 0.000014
0.06%0%
0.272360 00050
0.11036+99%07}

01847381
01274

2.8587000%
3.67167090%2
89.07+63
1417913
4494
1851 4 34
0.01364 = 0.00065
0.858 + 0.041
9.62 & 0.46

3.868143 £ 0.000044

069410017
0.0832679500%
0.1271+5591

0.1247948
0.59%0,3

2.193 £ 0.014
12.01 £0.15
86.69 +0.11

0.259+9918
82.413¢
959 £ 12
0.0454+0.9017
1.006:0:033
11.28 £ 04

1.80988122 4 0.00000046

017275535

0.2454 & 0.0017
0.10704+9:90056

0.3225034
0.116563,4

3.7605+0.9054

4.075 £ 0.028

87.58°0%8

0.921 £ 0.032

293 + 10
2190 £ 35

0.03277 £+ 0.00078
1.802 £ 0.042

20.2 £0.47

5.7525842 + 0.0000025
01097006
0.11507 00064
0.067747 530024

0.39550.046
0.113508¢

5.384 +0.012

8.69150:043
89.28108
2775513
882 = 40
1484 + 25

0.0689 + 0.003

1.127 4+ 0.048
12.63 + 0.54

8 b, and WASP-178 b are also in the present study. By
comparing the estimated parameters for this case, however, the
precision from the present study is better for all the targets
compared to the previous work. Maciejewski (2020) studied
KELT-24 b using TESS observations, however their precision
in the estimated parameters is worse than in the present study.
Zhou et al. (2019) studied HAT-P-69 b and HAT-p-70 b using
TESS observations. For HAT-P-69 b, the estimated values of b
and a/R, from Zhou et al. (2019) are more precise compared to
the present study, while that of R,/R, is more precise in the
present study. However, for HAT-P-70 b the estimated values
of all three parameters, b, R,/R., and a/R,, are more precise in
the present study. Compared to Wong et al. (2014), who
studied XO-3 b using observations from Spitzer, the estimated

11

values of R,/R, and a/R, are less precise in the present study.
Cortés-Zuleta et al. (2020), who studied WASP-18 b, have
estimated values for all three parameters, b, R, /R., and a/R,,
that are less precise than the present study. von Essen et al.
(2020), who studied WASP-33 b using TESS observations,
have estimated parameters that are more precise than the
present study. Rodriguez Martinez et al. (2020), who studied
WASP-178 b using TESS observations, have estimated values
of b and R,/R, that are more precise than the present study,
whereas their estimated value of a/R, is less precise.
Summarizing the above discussions, the precision of the
impact factor, b, has improved for KELT-3 b, KELT-4 A b,
KELT-17 b, KELT-20 b, KELT-24 b, HAT-P-2 b, HAT-P-22
b, MASCARA-4 b, WASP-8 b, WASP-14 b, WASP-18 b,
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Table 8
Estimated Physical Parameters for WASP-136 b, WASP-166 b, WASP-178 b, and WASP-189 b
Parameter WASP-136 b WASP-166 b WASP-178 b WASP-189 b

Transit parameters

Ty [BID1pg] 2,459,092.52455 £ 0.00036
P [days] 5.215351 £ 0.0000079

b 03319978

2,458,518.96491 + 0.00034
5.4435455 + 0.0000035
0.12955%s

2,459,338.69747+559923
3.34488 + 0.00013
0.51415033

2,459,700.16634 099012
2.7240990.900051
0.358+0947

R./a 0.13697 09040 0.083382+5:909%4 0.138879992 0.2057+3904¢
R,/R, 0.0683+000051 0.05158+00004, 0.1068 1900092 0.06984 =+ 0.00032
Limb-darkening coefficients
C 0.307+993 0.17+51 0.24%31, 0.18+308
C, 0.1319438 0481022 0.247017 0.27 +£0.13
Derived parameters
T4 [hr] 5.566700% 3.615%3° 3.497 +0.023 4.41 4+ 0.02
a/R, 7315932 11997943 724011 45821003,
i [deg] 87.47986 89.3820:44 85.91045 84.02192
M, [M;] 1.74 £ 0.11 0.0982 4+ 0.0051 1.66 +0.12 2.01 £ 0.15
M, [My)] 5543 312+ 1.6 529 4+ 39 640148
T.q [K] 1638735 1235 £ 12 2465 + 47 2643 + 28
a [au] 0.0811 + 0.004 0.0699 + 0.0024 0.060350:002! 0.05027 £ 0.00074
R, [R)] 1.589 + 0.064 0.629 + 0.021 1.87 £ 0.053 1.381 + 0.045
R, [Rs] 17.81 £0.72 7.05 +£0.24 20.96 + 0.59 15.48 + 0.51
Table 9 any of the previous studies, and it is estimated and updated in
Best-fit Gaussian-process (GP) Regression Model Parameters the present study.
Target o - For the case of R,/R,, the precision has improved for KELT-
3 b, KELT4 A b, KELT-11 b, KELT-17 b, KELT-19 A b,
KELT-2 A b 0.00019155556013 000168566653 KELT-20 b, KELT-24 b, HAT-P-2 b, HAT-P-11 b, HAT-P-22
KELT-3 b 0.000278 = 0.000036 0.00379 56653 b, HAT-P-69 b, HAT-P-70 b, MASCARA-4 b, WASP-7 b,
KELT-4 A b 0000262356633 000272753605 WASP-8 b, WASP-18 b, WASP-99 b, WASP-136 b, and
KELT-11 b 0.0001753"5 6aco0s 0.00297 5 6601 WASP-166 b compared to the best-known values from the
KELT-17 b 0.0002945,660023 0.00289 G35031 previous studies for up to 2 orders of magnitude. For the cases
KELT-19 A b 00003993 66603 0.00254 55653, of KELT-2 A b, WASP-69 b, and WASP-76 b, the estimated
KELT-20 b 0.00026275:66001 1 0.00275*5 60015 values of R,/R, were not given by any of the previous studies,
KELT-24 b 0.000191* 356013 0.00268 30033 and these are estimated and updated in the present study.
HAT-P-1 b 0.0008495.00608 0.00255 560034 For the case of a/R,, the precision has improved for KELT-2
HAT-P-2 b 0.0002215660013 0.00277 56604 Ab, KELT-3 b, KELT-4 A b, KELT-17 b, KELT-20 b, KELT-
HAT-P-11 b 0.000325%8:000024 0.00253*5,3065 24 b, HAT-P-2 b, HAT-P-11 b, HAT-P-22 b, MASCARA-4 b,
HAT-P-22 b 0.000248 0500035 0.00324*5,00043 WASP-8 b, WASP-18 b, WASP-69 b, WASP-99 b, WASP-
HAT-P-69 b 0.000394 3000033 0.00340665 136 b, WASP-166 b, and WASP-178 b compared to the best-
HAT-P-70 b 0.00059 15050003 000267453065 known values from the previous studies for up to 1 order of
MASCARA-4 b 0.000222 5000013 0.00289 + 0.00026 magnitude. For the case of WASP-76 b, the estimated value of
XO-3b 0000114500006 00043600013 R,/a is not given by any of the previous studies, and it is
WASP-7 b 0.000305* 60002 000279530054 estimated and updated in the present study.
WASP-8 b 0.00035" 5000033 0.0037* 300039 When comparing this study with previous studies, it can be
WASP-14 b 0000352560003 0.0026800009 noted that for most of the cases, the estimated physical
WASP-18 b 0.000251 £ 0.000026 000335400063 properties from this study vary slightly to significantly
WASP-33 b 0.00111+9:990008 0.01273001 compared to the previous studies. While the precision of an
WASP-69 b 0.0003027,999032 0.00298+ 990057 estimated parameter depends upon the S/N of the photometric
WASP-76 b 0.00034+9:90001 0.0025973:3%938 lightcurves and further noise treatments, the accuracy of the
WASP- 99 b 0.000231 =4 0.000018 0.00307+3:90032 values of estimated parameters can still change depending upon
WASP-136 b 0.000347335002% 0.00289793%%34 the observational and data reduction bias, unidentified noise
WASP-166 b 0.00021133:950021 0.00295 + 0.00025 sources in the lightcurves, insufficient data sets, and inaccurate
WASP-178 b 0.000662-3339%8, 0.0087479:3028 approaches in data analysis and modeling. For studies
WASP-189 b 0.000161375950006 0.0031553:00013 involving ground-based observations, the chances of observa-

WASP-69 b, WASP-76 b, WASP-99 b, WASP-136 b, and
WASP-166 b compared to previous studies. The improvements
have been up to an order of magnitude compared to the most
precise values known from previous studies. Also, the
estimated value of b for KELT-2 A b has not been given by
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tional bias while incorporating various atmospheric factors is
quite high. The noise due to various atmospheric perturbations,
if unattended, can also contribute to inaccurate estimation of
the physical properties. Being a space-based instrument, TESS
provides observations unaffected by Earth’s atmosphere, and
hence the data do not contain any correlated or other sources of
noise due to the interference of Earth’s atmosphere. This
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Figure 7. Corner plot showing the posterior distribution of the directly estimated transit parameters from the MCMC sampling for KELT-3 b.

provides an essential edge to the present study, as the accuracy
of the estimated parameters can be considered higher than the
previous studies involving only ground-based observations.
The next factor that affects the estimated parameters, including
the studies involving space-based observations, is the uni-
dentified noise components in the observational data. Even the
extremely high-S/N data sets from space-based observations
contain correlated noise components originating from short-term
stellar variability, stellar activities, and pulsations. If untreated,
these noise components can contribute to inaccurate estimation
of the physical parameters, although precision may be high
owing to the high-S/N data. In the present study, the previous
proven and generally accepted GP regression technique has been

13

used to efficiently model the correlated noise components in the
transit lightcurves that model for the transit signal. This reduces
the effect of these noise components in the estimated parameters
from modeling, thus making them more accurate. Since almost
all the previous studies of the target exoplanets studied in this
work have not adopted any kind of correlated noise-treatment
technique, the estimated parameters from this work can be
treated as more accurate.

Another major factor contributing to the inaccurate
estimation of physical properties is insufficient data sets. A
single lightcurve could contain unidentifiable noise compo-
nents, which could be treated as a part of the transit signal
while modeling the lightcurve. This will contribute to
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Table 10
Comparison of Estimated Parameters with the Previous Studies Involving Observations from Spitzer, HST, Kepler, CHEOPS, and TESS
Target Study Instrument b R,/R. a/R,
KELT-11 b This work 0.437+9034 0.04644 + 0.00051 489792
Beatty et al. (2017) Spitzer 0.40470313 0.051470:9032 4.98 £ 0.05
Patel & Espinoza (2022) TESS 0.54173%4 0.0475 4 0.0006 4615913
Hord et al. (2021) TESS 0.488 + 0.074 0.04725 + 0.00066
KELT-17 b This work 0.586 + 0.01 0.09174+5:30028 6.30210.0%)
Garai et al. (2022) CHEOPS, TESS 0.587 + 0.011 0.0921 + 0.0011 6.246 + 0.077
KELT-19 A b This work 0.382100%¢ 0.0964510:00003 8.65+£0.26
Garai et al. (2022) CHEOPS, TESS 0.499 + 0.018 0.0985 + 0.001 8.213 4 0.088
Hord et al. (2021) TESS 0.367 + 0.106 0.09649 + 0.00115
KELT-20 b This work 0.5193%0:00% 0.115753:0001 7.447100%
Patel & Espinoza (2022) TESS 0.502:9:017 0.1157 4 0.0005 7.5359%
KELT-24 b This work 0.096+9933 0.087+3:99913 1068979932
Maciejewski (2020) TESS e 0.0901+5:9593 7.897013
Patel & Espinoza (2022) TESS 0.135+0:98 0.0871+3:95%3 9.97+5%3
HAT-P-1 b This work 0.733+393 0.1161+5:9913 10928
Nikolov et al. (2014) HST 0.750123:09%8 0.11802 + 0.00018 9.853 + 0.071
HAT-P-2 b This work 0.456109%7 0.069673:5003¢ 9.76:317
Patel & Espinoza (2022) TESS 0.457+09% 0.0691 + 0.0004 9.045013
HAT-P-11 b This work 0.10753:921 0.05885-9:3003* 16.756-99%%
Sanchis-Ojeda & Winn (2011) Kepler 0.132 + 0.045 0.05862 + 0.00026 156+ 1.5
HAT-P-69 b This work 0.237912 0.0845370:0007 7745087
Zhou et al. (2019) TESS 0.36670:9 0.08703+0:5907 7.32401¢
Patel & Espinoza (2022) TESS 0.26*515 0.0849100008 7.68542
Hord et al. (2021) TESS 0.463 4 0.27 0.0865 + 0.0121
HAT-P-70 b This work 0.554+393 0.0924+ 900075 544101
Zhou et al. (2019) TESS 0.629* 9% 0.09887+0.90133 5.4510%
Patel & Espinoza (2022) TESS 0.543+09% 0.0937535%8 5521012
Hord et al. (2021) TESS 0.464 + 0.267 0.08712 + 0.01055
X0-3 b This work 0.694+0:9% 0.0882619:3%07 6.991022
Wong et al. (2014) Spitzer 0.08825 + 0.00037 7.05210:0%8
Patel & Espinoza (2022) TESS 0.6960:9%8 0.0888 + 0.0011 7.097034
WASP-7 b This work 0.532+9.048 0.07892* 00063 9.17+9%°
Patel & Espinoza (2022) TESS 0.5310038 0.07955: 000 8.937022
WASP-8 b This work 0.64 & 0.018 0.11747+330%7 1287434
Hord et al. (2021) TESS 0.601 + 0.026 0.11925 + 0.00181
WASP-14 b This work 0.54579933 0.09435+0:00083 5.78+018
Wong et al. (2015) Spitzer 0.09419 + 0.00043 5.99 + 0.09
WASP-18 b This work 0.395+09%9 0.098367 59903, 3.44+00%8
Cortés-Zuleta et al. (2020) TESS 0.367013 0.1018 + 0.0011 3.48%018
WASP-33 b This work 0.06%0%, 0.110360-99024 3.6716500092
von Essen et al. (2020) TESS 0.10716 £ 0.00023 3.605 + 0.009
WASP-99 b This work 0.10950:07 0.0677475:300%% 8.69170:063
Patel & Espinoza (2022) TESS 0.1:3:98 0.0678 + 0.0003 8.7110%
Hord et al. (2021) TESS 0.202 +0.118 0.06851 + 0.00058
WASP-136 b This work 0.331299%78 0.0683+0:90031 73150%
Patel & Espinoza (2022) TESS 0.34470959 0.0682 + 0.0008 7.31753¢
WASP-166 b This work 0.129+39 0.05158795004, 11994013
Patel & Espinoza (2022) TESS 0.3657 0% 0.0517 =+ 0.0009 11.257938
WASP-178 b This work 0.51479038 0.106810:0005> 725011
Rodriguez Martinez et al. (2020) TESS 0.62879%37 0.11066733%%2; 6.49 +0.18
Hord et al. (2021) TESS 0.433 + 0.253 0.10538 + 0.0107
WASP-189 b This work 0.358+9%4 0.06984 + 0.00032 4.582+903
Lendl et al. (2020) CHEOPS 0.478+39% 0.07045+ 530013 46459531

inaccurate estimation of the physical properties. A similar issue
can also occur while using multiple but incomplete transit
observations. By using multiple full-transit observations, such
bias in modeling the transit signal can be overcome, resulting in
more accurate parameter estimation. Some of the previous
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studies of the target exoplanets in this work, including some of
the past studies involving TESS data, have used very limited
data sets, which could have contributed to some bias in the
estimated parameters. On the other hand, the present study has
used extensive data sets from TESS observations covering a
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Figure 8. Same as Figure 7, but for KELT-20 b.

decent number of full-transit observations for each of the target
exoplanets, which is expected to have minimized such bias in
the estimated properties.

Apart from the above factors, the wavelength-dependent
parameters, such as RP/R*, would vary between studies
depending upon the wavelength range of the photometric
observations. In such cases, where the previous studies involve
observations from a different space-based telescope, such as
Spitzer, HST, or CHEOPS, the estimated values for R, /R, can
be considered as complementary to the previously known
values, thereby providing the scope for future multiwavelength
studies to characterize the planetary atmospheres.

Summarizing the above discussions, the estimated transit
parameters for the target exoplanets resulting from this work

15

can be treated as extremely accurate and precise, and
compared to the previous studies of these exoplanets, they
can be regarded as the updated parameter values for most of
the cases.

The other dependent physical properties, which were derived
using the directly estimated transit parameters and the stellar
properties adopted from the literature, also showed similar
trends in improvements in their estimated values, as compared
to the previous studies, which is expected. As a result, these
parameter values are also extremely accurate and precise, and
as such, can be regarded as the updated physical properties for
the target exoplanets for most of the cases.

The orbital period, P, is not estimated directly from transit
modeling of the lightcurves, but from the estimated midtransit



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 268:2 (17pp), 2023 September

— +0.019
b= 0'4—0.022
1

R./a = 0.29+39931
1
1
1
1
1
1
1

Saha

Ro/R. = 0.098:3:0003,

Gy = 02833813

C; = 0.1973:081

o
B0 e T T
4

R,/R .

Figure 9. Same as Figure 7, but for WASP-18 b.

times. P depends upon the total span of time over which the
transit observations have been conducted. Since I have only
used the TESS transit photometric observations of the target
exoplanets in this study, depending upon the span of the period
over which the TESS data is available, the precision in the
estimated value of P can vary significantly for each of the
cases. For the cases where the target has been observed only in
a single sector or a few consecutive sectors, the precision for P
is comparatively less irrespective of the number of transits
observed over that period. However, for the cases where the
target has been observed in at least two sectors separated by a
large timescale, the precision in the estimated values of P are
very high. Compared with the previous studies, the precision in

16

the estimated values of P from this study are higher for KELT-
20 b, KELT-24 b, and WASP-76 b, and almost similar for
KELT-2 A b, KELT-3 b, MASCARA-4 b, WASP-99 b, and
WASP-166 b. For other cases, the precision in the estimated
values of P were less compared to at least one of the previous
studies, which can be attributed to the shorter total time span of
TESS observations as discussed above. However, with more
TESS observations of these targets in future sectors, P can be
estimated more precisely.

Other than the planetary properties, the quadratic limb-
darkening coefficients for the host stars were also estimated
precisely while modeling the transit lightcurves. They are given
along with the planetary properties in Tables 2—8. The best-fit



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 268:2 (17pp), 2023 September

GP regression model parameters for each of the targets are
given in Table 9.

The major output from this study has been the updated
physical properties of 28 transiting exoplanets orbiting around
bright stars with Vy,,, < 10. These updated parameter values, as
discussed above, are more precise for most of the cases
compared to the previous studies, as well as more accurate and
reliable. In the present era of large-scale studies in the field of
exoplanet science, these updated values of physical properties
of several known exoplanets would be immensely useful in a
plethora of different studies, starting from the studies of
planetary evolution and dynamics (e.g., Boley et al. 2020;
Petrovich et al. 2020; Hamer & Schlaufman 2022; Rozner et al.
2022; Vissapragada et al. 2022), to their compositional studies
(e.g., O’Neill et al. 2020; Berardo & de Wit 2022; Edwards &
Tinetti 2022; Spaargaren et al. 2023), and the search for
planetary companions, such as exomoons (e.g., Forgan &
Kipping 2013; Trani et al. 2020; Saha & Sengupta 2022;
Tokadjian & Piro 2023), etc. This study also demonstrates how
large-scale survey missions of future can shape our under-
standing of existing planetary populations even further.

Acknowledgments

I thank the Scientific Editor for the valuable suggestions in
improving the manuscript. I thank the anonymous reviewer for
the valuable comments and suggestions. Some of the
computational results reported in this work were performed
on the high-performance computing facility (NOVA) of IIA,
Bangalore. I am thankful to the computer division of the Indian
Institute of Astrophysics for the help and cooperation extended
to us. This paper includes data collected by the TESS mission,
which are publicly available from the Mikulski Archive for
Space Telescopes (MAST). I acknowledge the use of public
TOl release data from pipelines at the TESS Science Office and
at the TESS Science Processing Operations Center. Funding for
the TESS mission is provided by NASA’s Science Mission
directorate. Support for MAST is provided by the NASA Office
of Space Science via grant NNX13ACO07G and by other grants
and contracts. This research made use of Lightkurve, a Python
package for Kepler and TESS data analysis.

ORCID iDs

Suman Saha @ https: //orcid.org/0000-0001-8018-0264

References

Barros, S. C. C., Demangeon, O., Diaz, R. F., et al. 2020, A&A, 634, A75

Beatty, T. G., Pepper, J., Siverd, R. J., et al. 2012, ApJL, 756, L39

Beatty, T. G., Stevens, D. J., Collins, K. A., et al. 2017, Al, 154, 25

Berardo, D., & de Wit, J. 2022, ApJ, 941, 155

Boley, A. C., Van Laerhoven, C., & Granados Contreras, A. P. 2020, AJ,
159, 207

Bonomo, A. S., Desidera, S., Benatti, S., et al. 2017, A&A, 602, A107

Chakrabarty, A., & Sengupta, S. 2019, AJ, 158, 39

Cortés-Zuleta, P., Rojo, P., Wang, S., et al. 2020, A&A, 636, A98

Daubechies, I. 1988, Commun. Pure Appl. Math., 41, 909

Daubechies, I. 1992, Ten Lectures on Wavelets (Philadelphia, PA: SIAM)

Donoho, D., & Johnstone, 1. 1994, CRASM, 319, 1317

Dorval, P., Talens, G. J. J., Otten, G. P. P. L., et al. 2020, A&A, 635, A60

Eastman, J. D., Beatty, T. G., Siverd, R. J., et al. 2016, AJ, 151, 45

Edwards, B., & Tinetti, G. 2022, AJ, 164, 15

Forgan, D., & Kipping, D. 2013, MNRAS, 432, 2994

17

Saha

Garai, Z., Pribulla, T., Kovdcs, J., et al. 2022, MNRAS, 513, 2822

Hamer, J. H., & Schlaufman, K. C. 2022, AJ, 164, 26

Hastings, W. 1970, Biometrika, 57, 97

Hellier, C., Anderson, D. R., Barkaoui, K., et al. 2019a, MNRAS, 490,
1479

Hellier, C., Anderson, D. R., Collier Cameron, A., et al. 2014, MNRAS,
440, 1982

Hellier, C., Anderson, D. R., Triaud, A. H. M. J., et al. 2019b, MNRAS,
488, 3067

Hjorth, M., Albrecht, S., Talens, G. J. J., et al. 2019, A&A, 631, A76

Hord, B. J., Colén, K. D., Kostov, V., et al. 2021, AJ, 162, 263

Jenkins, J. M. 2017, Kepler Data Processing Handbook: Overview of the
Science Operations Center, Kepler Science Document, KSCI-19081-002

Johnson, M. C., Cochran, W. D., Collier Cameron, A., & Bayliss, D. 2015,
ApJL, 810, L23

Knutson, H. A., Fulton, B. J., Montet, B. T., et al. 2014, ApJ, 785, 126

Lam, K. W. F., Faedi, F., Brown, D. J. A, et al. 2017, A&A, 599, A3

Lee, G. R., Gommers, R., Waselewski, F., Wohlfahrt, K., & O’Leary, A. 2019,
JOSS, 4, 1237

Lehmann, H., Guenther, E., Sebastian, D., et al. 2015, A&A, 578, L4

Lendl, M., Csizmadia, S., Deline, A., et al. 2020, A&A, 643, A94

Lund, M. B., Rodriguez, J. E., Zhou, G, et al. 2017, AJ, 154, 194

Luo, G., & Zhang, D. 2012, in Advances in Wavelet Theory and their
Applications in Engineering, Physics and Technology, ed. D. Baleanu
(Rijeka: IntechOpen), 59

Maciejewski, G. 2020, AcA, 70, 181

Mancini, L., Esposito, M., Covino, E., et al. 2018, A&A, 613, A4l

Mandel, K., & Agol, E. 2002, ApJL, 580, L171

Ment, K., Fischer, D. A., Bakos, G., Howard, A. W., & Isaacson, H. 2018, AJ,
156, 213

Nikolov, N., Sing, D. K., Pont, F., et al. 2014, MNRAS, 437, 46

O’Neill, C., Lowman, J., & Wasiliev, J. 2020, Icar, 352, 114025

Pan, Q., Zhang, L., Dai, G., & Zhang, H. 1999, ITSP, 47, 3401

Patel, J. A., & Espinoza, N. 2022, AJ, 163, 228

Pepper, J., Rodriguez, J. E., Collins, K. A., et al. 2017, AJ, 153, 215

Pepper, J., Siverd, R. J., Beatty, T. G., et al. 2013, ApJ, 773, 64

Pereira, F., Campante, T. L., Cunha, M. S., et al. 2019, MNRAS, 489, 5764

Petrovich, C., Muiioz, D. J., Kratter, K. M., & Malhotra, R. 2020, ApJL,
902, L5

Rasmussen, C. E., & Williams, C. K. 1. 2006, Gaussian Processes for Machine
Learning (Cambridge, MA: MIT Press)

Ricker, G. R., Winn, J. N., Vanderspek, R., et al. 2015, JATIS, 1, 014003

Rodriguez, J. E., Eastman, J. D., Zhou, G, et al. 2019, AJ, 158, 197

Rodriguez Martinez, R., Gaudi, B. S., Rodriguez, J. E., et al. 2020, AJ,
160, 111

Rowe, A. C. H., & Abbott, P. C. 1995, ComPh, 9, 635

Rozner, M., Glanz, H., Perets, H. B., & Grishin, E. 2022, ApJ, 931, 10

Saha, S., Chakrabarty, A., & Sengupta, S. 2021, AJ, 162, 18

Saha, S., & Sengupta, S. 2021, AJ, 162, 221

Saha, S., & Sengupta, S. 2022, AplJ, 936, 2

Sanchis-Ojeda, R., & Winn, J. N. 2011, ApJ, 743, 61

Siverd, R. J., Collins, K. A., Zhou, G., et al. 2018, AJ, 155, 35

Smith, J. C., Stumpe, M. C., Cleve, J. E. V., et al. 2012, PASP, 124, 1000

Southworth, J. 2012, MNRAS, 426, 1291

Spaargaren, R. J., Wang, H. S., Mojzsis, S. J., Ballmer, M. D., & Tackley, P. J.
2023, ApJ, 948, 53

Stassun, K. G., Collins, K. A., & Gaudi, B. S. 2017, AJ, 153, 136

Stassun, K. G., Oelkers, R. J., Paegert, M., et al. 2019, AJ, 158, 138

Stumpe, M. C., Smith, J. C., Catanzarite, J. H., et al. 2014, PASP, 126, 100

Stumpe, M. C., Smith, J. C., Van Cleve, J. E., et al. 2012, PASP, 124, 985

Talens, G. J. J., Justesen, A. B., Albrecht, S., et al. 2018, A&A, 612, A57

Tokadjian, A., & Piro, A. L. 2023, AJ, 165, 173

Trani, A. A., Hamers, A. S., Geller, A., & Spera, M. 2020, MNRAS, 499, 4195

Tsantaki, M., Sousa, S. G., Santos, N. C., et al. 2014, A&A, 570, A80

Vissapragada, S., Chontos, A., Greklek-McKeon, M., et al. 2022, ApJL,
941, L31

von Essen, C., Mallonn, M., Borre, C. C., et al. 2020, A&A, 639, A34

West, R. G., Hellier, C., Almenara, J. M., et al. 2016, A&A, 585, A126

Wong, L., Knutson, H. A., Cowan, N. B, et al. 2014, ApJ, 794, 134

Wong, L., Knutson, H. A., Lewis, N. K., et al. 2015, ApJ, 811, 122

Yee, S. W., Petigura, E. A., Fulton, B. J., et al. 2018, AJ, 155, 255

Zhou, G., Huang, C. X., Bakos, G. A, et al. 2019, AJ, 158, 141

Zhou, G., Rodriguez, J. E., Collins, K. A, et al. 2016, AJ, 152, 136


https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://orcid.org/0000-0001-8018-0264
https://doi.org/10.1051/0004-6361/201936086
https://ui.adsabs.harvard.edu/abs/2020A&A...634A..75B/abstract
https://doi.org/10.1088/2041-8205/756/2/L39
https://ui.adsabs.harvard.edu/abs/2012ApJ...756L..39B/abstract
https://doi.org/10.3847/1538-3881/aa7511
https://ui.adsabs.harvard.edu/abs/2017AJ....154...25B/abstract
https://doi.org/10.3847/1538-4357/aca409
https://ui.adsabs.harvard.edu/abs/2022ApJ...941..155B/abstract
https://doi.org/10.3847/1538-3881/ab8067
https://ui.adsabs.harvard.edu/abs/2020AJ....159..207B/abstract
https://ui.adsabs.harvard.edu/abs/2020AJ....159..207B/abstract
https://doi.org/10.1051/0004-6361/201629882
https://ui.adsabs.harvard.edu/abs/2017A&A...602A.107B/abstract
https://doi.org/10.3847/1538-3881/ab24dd
https://ui.adsabs.harvard.edu/abs/2019AJ....158...39C/abstract
https://doi.org/10.1051/0004-6361/201936279
https://ui.adsabs.harvard.edu/abs/2020A&A...636A..98C/abstract
https://doi.org/10.1002/cpa.3160410705
https://doi.org/10.1051/0004-6361/201935611
https://ui.adsabs.harvard.edu/abs/2020A&A...635A..60D/abstract
https://doi.org/10.3847/0004-6256/151/2/45
https://ui.adsabs.harvard.edu/abs/2016AJ....151...45E/abstract
https://doi.org/10.3847/1538-3881/ac6bf9
https://ui.adsabs.harvard.edu/abs/2022AJ....164...15E/abstract
https://doi.org/10.1093/mnras/stt662
https://ui.adsabs.harvard.edu/abs/2013MNRAS.432.2994F/abstract
https://doi.org/10.1093/mnras/stac1095
https://ui.adsabs.harvard.edu/abs/2022MNRAS.513.2822G/abstract
https://doi.org/10.3847/1538-3881/ac69ef
https://ui.adsabs.harvard.edu/abs/2022AJ....164...26H/abstract
https://doi.org/10.1093/biomet/57.1.97
https://doi.org/10.1093/mnras/stz2713
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.1479H/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.1479H/abstract
https://doi.org/10.1093/mnras/stu410
https://ui.adsabs.harvard.edu/abs/2014MNRAS.440.1982H/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.440.1982H/abstract
https://doi.org/10.1093/mnras/stz1903
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3067H/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3067H/abstract
https://doi.org/10.1051/0004-6361/201936082
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..76H/abstract
https://doi.org/10.3847/1538-3881/ac2602
https://ui.adsabs.harvard.edu/abs/2021AJ....162..263H/abstract
https://ui.adsabs.harvard.edu/abs/2017ksci.rept....2J/abstract
https://doi.org/10.1088/2041-8205/810/2/L23
https://ui.adsabs.harvard.edu/abs/2015ApJ...810L..23J/abstract
https://doi.org/10.1088/0004-637X/785/2/126
https://ui.adsabs.harvard.edu/abs/2014ApJ...785..126K/abstract
https://doi.org/10.1051/0004-6361/201629403
https://ui.adsabs.harvard.edu/abs/2017A&A...599A...3L/abstract
https://doi.org/10.21105/joss.01237
https://ui.adsabs.harvard.edu/abs/2019JOSS....4.1237L/abstract
https://doi.org/10.1051/0004-6361/201526176
https://ui.adsabs.harvard.edu/abs/2015A&A...578L...4L/abstract
https://doi.org/10.1051/0004-6361/202038677
https://ui.adsabs.harvard.edu/abs/2020A&A...643A..94L/abstract
https://doi.org/10.3847/1538-3881/aa8f95
https://ui.adsabs.harvard.edu/abs/2017AJ....154..194L/abstract
https://doi.org/10.32023/0001-5237/70.3.2
https://ui.adsabs.harvard.edu/abs/2020AcA....70..181M/abstract
https://doi.org/10.1051/0004-6361/201732234
https://ui.adsabs.harvard.edu/abs/2018A&A...613A..41M/abstract
https://doi.org/10.1086/345520
https://ui.adsabs.harvard.edu/abs/2002ApJ...580L.171M/abstract
https://doi.org/10.3847/1538-3881/aae1f5
https://ui.adsabs.harvard.edu/abs/2018AJ....156..213M/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..213M/abstract
https://doi.org/10.1093/mnras/stt1859
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437...46N/abstract
https://doi.org/10.1016/j.icarus.2020.114025
https://ui.adsabs.harvard.edu/abs/2020Icar..35214025O/abstract
https://doi.org/10.1109/78.806084
https://ui.adsabs.harvard.edu/abs/1999ITSP...47.3401P/abstract
https://doi.org/10.3847/1538-3881/ac5f55
https://ui.adsabs.harvard.edu/abs/2022AJ....163..228P/abstract
https://doi.org/10.3847/1538-3881/aa6572
https://ui.adsabs.harvard.edu/abs/2017AJ....153..215P/abstract
https://doi.org/10.1088/0004-637X/773/1/64
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...64P/abstract
https://doi.org/10.1093/mnras/stz2405
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.5764P/abstract
https://doi.org/10.3847/2041-8213/abb952
https://ui.adsabs.harvard.edu/abs/2020ApJ...902L...5P/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...902L...5P/abstract
https://doi.org/10.1117/1.JATIS.1.1.014003
https://ui.adsabs.harvard.edu/abs/2015JATIS...1a4003R/abstract
https://doi.org/10.3847/1538-3881/ab4136
https://ui.adsabs.harvard.edu/abs/2019AJ....158..197R/abstract
https://doi.org/10.3847/1538-3881/ab9f2d
https://ui.adsabs.harvard.edu/abs/2020AJ....160..111R/abstract
https://ui.adsabs.harvard.edu/abs/2020AJ....160..111R/abstract
https://doi.org/10.1063/1.168556
https://ui.adsabs.harvard.edu/abs/1995ComPh...9..635R/abstract
https://doi.org/10.3847/1538-4357/ac6808
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...10R/abstract
https://doi.org/10.3847/1538-3881/ac01dd
https://ui.adsabs.harvard.edu/abs/2021AJ....162...18S/abstract
https://doi.org/10.3847/1538-3881/ac294d
https://ui.adsabs.harvard.edu/abs/2021AJ....162..221S/abstract
https://doi.org/10.3847/1538-4357/ac85a9
https://ui.adsabs.harvard.edu/abs/2022ApJ...936....2S/abstract
https://doi.org/10.1088/0004-637X/743/1/61
https://ui.adsabs.harvard.edu/abs/2011ApJ...743...61S/abstract
https://doi.org/10.3847/1538-3881/aa9e4d
https://ui.adsabs.harvard.edu/abs/2018AJ....155...35S/abstract
https://doi.org/10.1086/667697
https://ui.adsabs.harvard.edu/abs/2012PASP..124.1000S/abstract
https://doi.org/10.1111/j.1365-2966.2012.21756.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.1291S/abstract
https://doi.org/10.3847/1538-4357/acac7d
https://ui.adsabs.harvard.edu/abs/2023ApJ...948...53S/abstract
https://doi.org/10.3847/1538-3881/aa5df3
https://ui.adsabs.harvard.edu/abs/2017AJ....153..136S/abstract
https://doi.org/10.3847/1538-3881/ab3467
https://ui.adsabs.harvard.edu/abs/2019AJ....158..138S/abstract
https://doi.org/10.1086/674989
https://ui.adsabs.harvard.edu/abs/2014PASP..126..100S/abstract
https://doi.org/10.1086/667698
https://ui.adsabs.harvard.edu/abs/2012PASP..124..985S/abstract
https://doi.org/10.1051/0004-6361/201731512
https://ui.adsabs.harvard.edu/abs/2018A&A...612A..57T/abstract
https://doi.org/10.3847/1538-3881/acc254
https://ui.adsabs.harvard.edu/abs/2023AJ....165..173T/abstract
https://doi.org/10.1093/mnras/staa3098
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.4195T/abstract
https://doi.org/10.1051/0004-6361/201424257
https://ui.adsabs.harvard.edu/abs/2014A&A...570A..80T/abstract
https://doi.org/10.3847/2041-8213/aca47e
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..31V/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..31V/abstract
https://doi.org/10.1051/0004-6361/202037905
https://ui.adsabs.harvard.edu/abs/2020A&A...639A..34V/abstract
https://doi.org/10.1051/0004-6361/201527276
https://ui.adsabs.harvard.edu/abs/2016A&A...585A.126W/abstract
https://doi.org/10.1088/0004-637X/794/2/134
https://ui.adsabs.harvard.edu/abs/2014ApJ...794..134W/abstract
https://doi.org/10.1088/0004-637X/811/2/122
https://ui.adsabs.harvard.edu/abs/2015ApJ...811..122W/abstract
https://doi.org/10.3847/1538-3881/aabfec
https://ui.adsabs.harvard.edu/abs/2018AJ....155..255Y/abstract
https://doi.org/10.3847/1538-3881/ab36b5
https://ui.adsabs.harvard.edu/abs/2019AJ....158..141Z/abstract
https://doi.org/10.3847/0004-6256/152/5/136
https://ui.adsabs.harvard.edu/abs/2016AJ....152..136Z/abstract

	1. Introduction
	2. Target Selection and Observational Data
	3. Data Analysis and Modeling
	4. Results and Discussions
	References



