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ABSTRACT

We update the ephemerides of 16 transiting exoplanets using our ground-based observations, new Transiting Exoplanet Survey
Satellite data, and previously published observations including those of amateur astronomers. All these light curves were
modelled by making use of a set of quantitative criteria with the EXOFAST code to obtain mid-transit times. We searched for
statistically significant secular and/or periodic trends in the mid-transit times. We found that the timing data are well modelled by
a linear ephemeris for all systems except for XO-2 b, for which we detect an orbital decay with the rate of —12.95 & 1.85 ms yr~!
that can be confirmed with future observations. We also detect a hint of potential periodic variations in the transit timing variation
data of HAT-P-13 b, which also requires confirmation with further precise observations.

Key words: methods: observational —techniques: photometric —stars: individual: GJ 1214, HAT-P-1, HAT-P-10, HAT-P-13,
HAT-P-16, HAT-P-22, HAT-P-30, HAT-P-53, KELT-3, QATAR-2, WASP-8, WASP-44, WASP-50, WASP-77A, WASP-93, and
XO-2 —planetary systems.

information about the planet’s energy budget (Arcangeli et al.

1 INTRODUCTION 2021), while transmission spectroscopy can reveal its atmospheric

Since the observations of the first transits in an exoplanet system
(Charbonneau et al. 2000), several questions have arisen regarding
their formation, evolution, atmospheric composition, and orbital
dynamics. These questions can be further investigated through
different observational techniques. For example, radial velocity (RV)
measurements during transits can be employed to determine the
obliquity of a planet’s orbit, which in turn can provide important
information for improving theoretical models related to orbital
evolution (Mancini et al. 2022). Occultation observations can provide
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composition (Maguire et al. 2023). However, these observations
require high levels of precision, which can only be achieved by
making use of large ground-based or space-borne telescopes. As the
observation time for these instruments is in great demand, accurate
predictions of transit and occultation times are crucial. Even small
uncertainties in transit times can accumulate over time and require
updates to the exoplanet’s orbital period and reference mid-transit
times (Mallonn et al. 2019).

Tidal interactions can cause the orbit of the planet to shrink
(Maciejewski et al. 2016b). The period decrease per year may be
much smaller than the uncertainty of the mid-transit times, making
it difficult to observe. The amplitude of this effect increases over

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
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time and may be detected with additional transit (or occultation)
observations over a long time range. In addition, transit timing
analysis can be used to detect unseen additional bodies in a system
that could not be seen with RV observations due to short phase
coverage, stellar activity (Trifonov et al. 2021), or if the host star
is too faint for precise RV observations (e.g. Gillon et al. 2017).
For eccentric systems, the secular motion of the periastron (i.e.
apsidal motion; Giménez & Bastero 1995) is observable with the
help of occultation observations (Patra et al. 2017) and could give
insights about tidal effects. To identify these effects using the transit
timing variation (TTV) technique, it is essential to have transit
timing measurements that cover longer time spans and are well
sampled.

We selected potential periodic TTV targets depending on the
known third bodies in the system or depending on their RV residuals.

In the potential TTV group, there are also orbital decay candidates
selected based on their stellar and planetary radii, masses, and
orbital separation and ages to work on systems with maximum tidal
interaction potential. There are unitless metrics that are used to select
our candidates (please see Bastiirk et al. 2022). We observed 38
transits of 16 exoplanets (GJ 1214 b, HAT-P-1 b, HAT-P-10 b, HAT-
P-13b, HAT-P-16 b, HAT-P-22 b, HAT-P-30 b, HAT-P-53 b, KELT-
3b, QATAR-2 b, WASP-8 b, WASP-44 b, WASP-50 b, WASP-77A b,
WASP-93b, and XO-2b) that we selected for their potential to
display TTVs and/or large shifts in their observed transit timings.

The transit data that we used for timing calculation were obtained
from ground-based telescopes and the Transiting Exoplanet Survey
Satellite (TESS; Ricker et al. 2015), and compiled from published
observations and open data bases.!'> We performed homogeneous
transit timing analyses of these systems (listed in Table 1) and
updated their ephemeris information.

This paper is organized as follows. In Section 2, we describe the
telescopes and the detectors we used for transit observations, data
reduction, and photometry procedure as well as light-curve selection
criteria. TTV analyses and our results are presented in Section 3. We
discuss our findings in Section 4.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Observations

Photometric transit observations were carried out with the 1-m
telescope located in TUBITAK National Observatory (T100), 80-
cm telescope located in Ankara University Kreiken Observatory
(T80), 50-cm telescope located in Atatiirk University ATASAM
Observatory (ATAS50), 50-cm telescope located in Cukurova Uni-
versity UZAYMER Observatory (UT50), and 1.23m telescope of
Calar Alto Observatory (CAHA). Detailed information about the
telescopes and their detectors can be found in Bagtiirk et al. (2022).
We also observed a multicolour transit of HAT-P-1 b with the Bonn
University Simultaneous Camera on the CAHA 2.2-m telescope at
the Observatory of Calar Alto (Spain). We made use of the well-
established defocusing technique (Southworth et al. 2009) in order to
increase photometric precision. Exposure times were set to acquire at
least ~50 frames per transit. The defocusing amount was determined
to keep the detector response within its linearity limits while exposing
it for larger durations to increase the signal-to-noise ratio (SNR) by
reading out from a larger area. In general, we selected the photometric

Uhttp://var2.astro.cz/ETD/index.php
Zhttp://brucegary.net/ AXA/x.htm
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filter that gives the maximum SNR. A detailed log of photometric
observations is provided in Table 2.

2.2 Data reduction

Data reduction (dark, bias, and flat correction) and ensemble aperture
photometry were performed using the ASTROIMAGEJ (hereafter AL;
Collins et al. 2017) software package. To increase the precision in
photometry, we selected every star similar in brightness to the target
in the field as a comparison; Al allows the user to visually inspect the
relative flux of the target for a combination of different comparison
stars. After finding suitable comparison stars, we experimented with
different aperture sizes for both the stars and the sky background;
Al also allows users to visually inspect relative flux change due
to different aperture sizes. When selecting comparison stars and
aperture sizes, our goal was to minimize the red noise, especially
in contact times where the flux change is abrupt. Red noise during
ingress and egress can change the mid-transit times dramatically, but
may not affect the error bar of individual data points, which results
in an underestimation of the mid-transit time uncertainty (Gillon
et al. 2006; Pont, Zucker & Queloz 2006). This could lead to a
higher reduced chi-square (x2) for linear ephemeris, which could
(incorrectly) be attributed to TTV. In order to avoid that, we detrended
relative fluxes by using time-dependent variables such as airmass and
target position on the CCD in an interactive manner using All.

For TESS observations, we downloaded the 2-min light curves
from Mikulski Archive for Space Telescopes® (MAST) that are
processed by Science Processing Operations Center (SPOC) pipeline
(Jenkins et al. 2016). SPOC generates presearch data conditioning
(PDC) light curves and data validation time series (DVT) light
curves using simple aperture photometry (SAP). The PDC_SAP
fluxes are the corrected version of the SAP fluxes from instrumental
systematics, outliers, and flux contamination from nearby stars. The
DVT light curves are created by applying a running median filter
to the PDC light curves to remove any long-term systematics and
search for transits. We used only the DVT light curves because any
signal other than transits will deteriorate the transit profiles, which
in turn will increase the uncertainty in the measurement of the mid-
transit times. For the case of XO-6 b, Ridden-Harper, Turner &
Jayawardhana (2020) have shown that the DVT light curves have
least scatter; nevertheless, the transit timings from DVT and PDC
light curves are practically identical.

We have TESS light curves from the SPOC pipeline for all the
planets in our sample except for HAT-P-53, which was observed
by TESS during Sector 17, but light curves were not produced.
Therefore, we downloaded the full frame images that have 30-min
cadence from TESScut* and performed aperture photometry with
the LIGHTKURVE package (Lightkurve Collaboration 2018) and then
detrended the light curve using KEPLERSPLINE-V2’ while ignoring
the transit profiles. Final light curves were not suitable for individual
modelling due to insufficient sampling, so we time-folded the data
using a period from our preliminary analysis. We assumed the period
of HAT-P-53 to be constant during Sector 17, but this enabled us
to measure only a single mid-transit time from TESS observations.
We included every TESS light curve until the end of the extended
mission 2 (Sector 69) to our analysis.

3https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
“https://mast.stsci.edu/tesscut/
Shttps://github.com/avanderburg/keplersplinev2
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Table 1. Fundamental stellar and planetary properties and the number of light curves analysed for each planetary system in our sample.

Data base LC Literature LC Our LC TESS LC Kepler LC
Planet name Py (d) My/M, x 103 Tefr, « (K) number number number number number Total
GJ 1214 b 1.5803925(117) 0.157 + 0.019 3026 + 130 6 37 5 — - 48
HAT-P-1b? 4.46529(9) 1.12 £ 0.09 5975 + 45 2 7 5 12 - 26
HAT-P-10 b¢ 3.7224747(65) 0.83 £ 0.03 4980 + 60 16 7 2 4 - 29
HAT-P-13 b¢ 2.916260(10) 1.22 £ 0.10 5653 = 90 5 19 3 8 - 35
HAT-P-16 b° 2.77596(3) 329 £ 0.13 6158 + 80 35 11 2 14 - 62
HAT-P-22 bf 3.212220(9) 0.916 £ 0.035 5302 + 80 5 4 2 14 - 25
HAT-P-30 b 2.810595(5) 1.242 4+ 0.041 6304 + 88 19 5 - 24 - 48
HAT-P-53b" 1.961 6241(39) 1.093 £ 0.043 5956 + 50 7 3 2 1 - 13
KELT-3 b’ 2.703 3904(100) 1.278 + 0.063 6306 + 50 7 1 1 17 - 26
QATAR-2 b 1.3371182(37) 0.740 £+ 0.037 4645 £ 50 8 19 1 - 56 84
WASP-8 b 8.158 715(16) 1.030 £+ 0.061 5600 + 80 1 2 - 6 - 7
WASP-44b! 2.423 8039(87) 0.951 £+ 0.034 5410 = 150 13 11 1 8 - 33
WASP-50b™ 1.9550959(51) 0.892 + 0.080 5400 + 100 19 13 2 20 - 54
WASP-77b" 1.360 0309(20) 1.002 £ 0.045 5500 + 80 13 6 2 32 - 53
WASP-93 b? 2.7325321(20) 0.65 £ 0.06 6700 + 100 5 4 7 6 - 22
XO0-2v 2.615857(5) 0.55 £ 0.07 5340 + 32 13 9 3 18 - 42
Total 174 158 38 184 56 607

“Charbonneau et al. (2009).
bBakos et al. (2007).
“Bakos et al. (2009a).
YBakos et al. (2009b).
¢Buchhave et al. (2010).
TBakos et al. (2011).
$Johnson et al. (2011).
"Bonomo et al. (2017).
Pepper et al. (2013).
fBryan etal. (2012).
kQueloz et al. (2010).

! Anderson et al. (2012).
"MGillon et al. (2011).
"Maxted et al. (2013).
°Hay et al. (2016).
PBurke et al. (2007).

2.3 Light-curve selection criteria

The main goal of this work is to search for TTVs in the planetary
systems listed in Table 1. This requires precise and accurate mid-
transit times measured from high-quality light curves. For this reason,
we used the light-curve selection criteria given in Bagtiirk et al. (2022)
to select suitable light curves. First, we compiled available transit
light curves from literature, open data bases of amateur astronomers
(Exoplanet Transit Database,® hereafter ETD, Poddany et al. 2010,
and Amateur Exoplanet Archive,” hereafter AXA) along with our
own observations and observations from space telescopes (TESS and
Kepler Space Telescope’s extended mission K2; Howell et al. 2014).
We did not include light curves that have large gaps inside transit
profiles or high-amplitude signatures of correlated noise, especially
in the ingress or egress segments. Then, we modelled light curves
with the EXOFAST (Eastman, Gaudi & Agol 2013) (see Section 3 for
details) and then calculated photometric noise rate (PNR; Fulton et al.
2011b) from residuals, which indicates white noise. We removed the
light curves that have PNR values higher than the transit depth. We
binned the residuals between the ingress/egress duration +5 min
with 1-min steps and calculated the well-known gB-values as defined
in Winn et al. (2008) as a red noise indicator. We removed the light
curves with the median S-value larger than 2.5. We also removed

Shttp://var2.astro.cz/ETD/index.php
http://brucegary.net/ AX A/x.htm

the light curves if the transit depth was a 5o outlier for the given
planet. When we visually inspect the removed light curves, we find
that this criterion is very useful to detect problematic light curves.
QATAR-2b is an exception because it has K2 light curves with
incomparably higher precision than other data sets, affecting the o -
value dramatically. Thus, we did not include depth values from K2
for QATAR-2 in the calculations of its 5o level.

3 DATA ANALYSIS AND RESULTS

3.1 Light-curve modelling and measurements of mid-transit
times

We followed the same method given in Bagtiirk et al. (2022) to
model the light curves and measure the mid-transit times. Briefly,
we used EXOFAST-V1 to model the light curves after converting the
observation time to Dynamical Barycentric Julian days (BJD-TDB)
and detrending the light curves for the airmass effect that needed
it with the Al. We used our scripts to convert the timings to BJD-
TDB and calculated the airmass values by using relevant modules
and functions of the ASTROPY (Astropy Collaboration 2013, 2018)
library. The centres and widths of the priors were automatically
selected from the NASA Exoplanet Archive® for the atmospheric

8https://exoplanetarchive.ipac.caltech.edu/
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Table 2. The log of photometric observations performed for this study. The dates of the light curves that are eliminated and hence not used in the TTV diagrams

are marked and the reasons for their elimination are given in the footnotes.

System Exp. time  Image Mid-transit

name Telescope Date uTC Start urc  End uTtCc  Filter (s) number PNR B BID-TDB Error (d)

GJ 1214 T100 2020-06-11  19:38:36  21:45:17 R 55 112 3.52 1.12 2459012.360728 0.000376
GJ 1214 T100 2020-07-03  23:07:27 00:58:24 1 70 81 3.00 2.08 2459034.486291 0.000454
GJ 1214 T100 2021-04-23  21:59:36  00:06:47 I 55 114 2.34 1.97 2459328.441673 0.000261

GJ 1214 T100 2021-07-19°  19:06:03  22:04:02 1 60 142 2.60 2.00 2459415.362554 0.000 460
GJ 1214 T80 2022-05-12  22:42:10 00:55:10 i’ 50 126 2.14 1.01 2455701.413994 0.000224
HAT-P-1 ATA50 2022-09-15 17:42:12 01:46:02 4 100 248 1.71 1.19 2456308.238083 0.000 464
HAT-P-1 CAHA (22m)  2013-09-02  22:46:24  3:54:39 u 40 383 2.80 0.67 2456538.550339 0.000526
HAT-P-1 CAHA (22m)  2013-09-02 22:46:24  3:54:39 b 40 386 1.73 0.97 2456538.549978 0.000314
HAT-P-1 CAHA (22m)  2013-09-02  22:46:24  3:54:39 y 40 385 1.80 0.40 2456538.548745 0.000327
HAT-P-1 CAHA (22m)  2013-09-02 22:46:24  3:54:39 4 40 381 1.30 0.76 2456538.549052 0.000227
HAT-P-10 T100 2013-01-15  16:31:21 20:12:03 R 125 84 0.59 1.35 2456308.238083 0.000203
HAT-P-10 T100 2020-10-25¢ 21:23:46 02:21:38 R 225 71 0.76 2.60 2459148.489796 0.000421

HAT-P-13 CAHA (1.23 m) 2014-01-12  0:47:47 5:45:06 R 130 137 0.42 1.14 2456669.654639 0.000429
HAT-P-13 CAHA (1.23 m) 2015-03-10  20:2:10 3:8:21 R 245 110 0.65 1.00 2457092.509213 0.000 445
HAT-P-13 T100 2021-01-03  18:34:21 01:37:17 R 245 100 0.38 1.49 2459218.452754 0.000 670
HAT-P-16 UTS50 2020-10-21¢ 17:57:12 23:07:04 R 60 268 3.80 1.40 2459144.346886 0.000759
HAT-P-16 ATAS50 2020-10-07 21:21:53 02:17:13 R 185 93 0.76 2.02 2459130.474612 0.000 521

HAT-P-22 T100 2021-02-14  18:09:54 21:43:00 R 190 63 0.47 1.36 2459260.310347 0.000313
HAT-P-22 T100 2014-02-17  22:50:43  03:29:44 R 185 80 0.85 1.57 2456706.584303 0.000661

HAT-P-53 ATAS0 2020-11-08” 15:28:21 19:38:48 R 170 73 5.20 1.33 2459162.237801 0.002 024
KELT-3 T100 2014-02-18  17:43:44  03:09:48 R 195 153 0.49 2.23 2456707.439231 0.000 560
QATAR-2 T100 2019-02-17  23:26:03 03:32:29 R 95 131 1.60 0.97 2458897.528172 0.000234
WASP-44 T100 2020-08-27 21:47:53 01:22:40 R 125 87 1.52 1.05 2459089.484641 0.000706
WASP-50 T100 2019-10-29  22:24:53  00:41:01 R 95 74 1.59 0.49 2458786.470867 0.000405
WASP-50 T100 2020-10-09  23:03:08 01:53:44 R 105 79 0.96 0.65 2459132.522846 0.000285
WASP-77 ATA50 2020-10-26  22:02:55 00:56:44 R 120 75 1.42 1.07 2459149.480906 0.000526
WASP-77 ATAS50 2021-10-16  21:08:02 01:05:21 R 115 106 1.13 1.21 2459504.447789 0.000380
‘WASP-93 ATAS0 2021-09-26  16:45:56  20:56:25 R 160 93 0.67 1.50 2459484.305639 0.000 726
WASP-93 UTS50 2020-12-24  17:44:38 22:07:22 R 140 112 2.01 0.73 2459208.322251 0.001 692
‘WASP-93 T100 2020-01-12  17:01:44  20:55:19 R 145 88 0.78 1.61 2458861.287821 0.000651

WASP-93 T100 2020-09-22¢  20:35:59 01:50:32 R 200 89 0.58 2.70 2459115.413786 0.000501

‘WASP-93 T100 2019-10-30  22:05:33  02:48:11 R 175 91 0.41 1.72 2458787.509779 0.000421

WASP-93 T100 2020-11-24  16:35:48 20:37:04 R 105 119 1.18 1.32 2459178.263534 0.000 768
WASP-93 T100 2021-07-25"  21:06:17 01:28:45 R 140 101 0.96 1.61 2459421.461017 0.000772
X0-2 T100 2020-01-12  22:18:58 03:16:03 R 175 94 1.36 1.89 2458861.528988 0.000 794
XO0-2 T100 2020-12-25 20:07:25 01:06:58 R 220 78 0.61 2.47 2459209.437425 0.000 405
X0-2 UTS50 2020-12-25 20:27:58 00:16:06 R 120 108 2.45 1.35 2459209.437700 0.000 9460

“Eliminated because it is an outlier on the TTV diagram.’Eliminated because its depth is out of 5o of the average. Eliminated because its 8-factor is larger than 2.5.

parameters of the host stars as Gaussian priors and the orbital periods
of the planets as constant values, while uniform priors of the limb
darkening coefficients were automatically retrieved from Claret &
Bloemen (2011) based on the atmospheric parameters of the host
stars and the observed passbands. For the passbands that are not
available, we choose the passband that has the closest transmission
curve (e.g. we choose [ for the TESS passband and Convection,
Rotation and planetary Transits (CoRoT) for the clear observations).

After selecting the light curves as described in Section 2.3 and
measuring the mid-transit times from the individual transit models
using a built-in IDL routine AMOEBA that uses downhill simplex
method (Nelder & Mead 1965) to minimize x2, we constructed the
TTV diagrams and fitted a linear ephemeris using EMCEE (Foreman-
Mackey et al. 2013) following the recipe given in Bagtiirk et al.
(2022). We discarded the two-tailed 30 outliers from the linear
ephemeris not to bias our final results. These light curves with
correlated noise, especially during ingress or egress, may survive
the B > 2.5 criteria and result in an inaccurate mid-transit time with
underestimated error bars. We visually inspected the light curves
eliminated based on this criterion and we noticed that this criterion

MNRAS 530, 2475-2495 (2024)

is especially useful for the light curves that come from spectroscopic
observations (i.e. white light curve, formed by integrating an ob-
served spectrum over the entire wavelength coverage) because these
light curves usually have very high precision (hence low mid-transit
time error) but inaccurate mid-transit times due to heavy detrending.
We also noticed that this criterion enables us to detect light curves
with incorrectly reported time references. We did not apply two-
tailed 30 outlier criteria for the XO-2 system because we detected
a statistically significant orbital period decrease. For the QATAR-2
system, we calculated the 3o value without including K2 light curves
but a linear ephemeris was fitted to all data points including K2.

3.2 Ephemeris corrections

For all systems, we fitted independent linear and quadratic ephemeris
using the EMCEE package. We followed the same procedure as
described in Bastiirk et al. (2022) for selecting random walkers, burn-
in period, and Markov chain Monte Carlo steps for convergence. The
median values of posterior probability distributions (PPDs) of linear
elements slope and y-intercept were added to the reference period
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Table 3. Reference ephemeris information (7o and Pop).

Planet To (BJD1pB) Py (d)

GJ 1214b 2455799.398485(19) 1.580404 418(58)
HAT-P-1b 2454363.94778(13) 4.46530031(18)
HAT-P-10b 2456933.615316(50) 3.72247975(13)
HAT-P-13b 2456316.79044(12) 2.91624121(16)
HAT-P-16b 2456204.604299(69) 2.775967 270(90)
HAT-P-22b 2454891.67399(13) 3.21223265(10)
HAT-P-30b 2457775.212778(77) 2.81060070(13)
HAT-P-53b 2458771.88605(28) 1.961 625 29(35)
KELT-3b 2458872.854373(95) 2.703 390 23(43)
QATAR-2b 2457218.1101306(63) 1.337116440(32)
WASP-8b 2458375.23865(11) 8.158 725 62(67)
WASP-44b 2458398.69812(13) 2.42381131(13)
WASP-50b 2458411.093420(55) 1.955092447(48)
WASP-77Ab 2458410.984807(28) 1.360 028 898(50)
WASP-93b 2456079.56501(26) 2.73253778(25)
XO0-2b 2458843.218463(69) 2.615859462(54)

(Powy) and mid-transit time (7¢), respectively. The updated linear
ephemerides are listed in Table 3 with their uncertainties calculated
from PPD.

3.3 Transit timing analyses

In order to detect potential secular changes in the orbital periods, we
fitted quadratic functions to the TTVs of all planets using the method
described in Section 3.2. We compared the quadratic ephemeris with
the linear to detect any significant secular change for the planets in
our sample.

In Table 4, we report the Akaike information criterion difference
(AAIC) and Bayesian information criterion difference (ABIC) val-
ues between linear and quadratic ephemeris and the rate of the secular
period change calculated from the coefficient of the second-degree
term of the quadratic ephemeris. We only consider ABIC > 10 as
suggested strong evidence by Raftery (1995) to favour quadratic over
the linear ephemerides.

After correcting the ephemerides (displayed in Fig. 1) using the
linear coefficients, we performed a frequency analysis to search for
potential periodic variations that can be caused by orbital perturbers
or the apsidal motion of the planets. We used the ASTROPY’s Lomb—
Scargle function (VanderPlas 2018) to find possible frequencies and
their false alarm probabilities (FAPs).

3.3.1 GJ 1214 system

GJ 1214b is a sub-Neptune planet (M, = 6.55 Mg and R, = 2.678
Rg) that orbits an M type dwarf star. It has a very high transmission
spectroscopy metric (TSM; Kempton et al. 2018), making it one
of the most favourable sub-Neptune planets for atmospheric studies
(Charbonneau et al. 2009). Additional bodies in the system have
been searched for using the RV method with 165 RV points spanning
10 yr (Cloutier et al. 2021), as well as with the transit method
using a continuous observing run for ~21 d from the Spitzer
Space Telescope (Gillon et al. 2014). Follow-up transit observations
have been performed multiple times to investigate TTVs or the
atmospheric properties of the planet (Kundurthy et al. 2011; de Mooij
et al. 2012; Harpsge et al. 2013; Narita et al. 2013; Cdceres et al.
2014; Nascimbeni et al. 2015; Parviainen et al. 2015; Angerhausen
et al. 2017; Rackham et al. 2017; Mallonn et al. 2018; Orell-Miquel
et al. 2022; Spake et al. 2022; Gao et al. 2023; Lampén et al. 2023).
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We selected the planet for its potential to display TTVs as well
as updating its ephemeris for future observation plans especially to
understand its atmospheric properties.

We analysed a total of 48 light curves, including 6 from the ETD,
37 from the literature, and 5 from our observations. However, five
of the light curves did not meet our selection criteria and were
eliminated (as explained in Section 2.3). The total data span 10 yr
of observations, but there was a 5-yr gap in the TTV diagram. After
analysing the TTV diagram, we did not detect any significant period
change in the GJ 1214 system.

3.3.2 HAT-P-1 system

HAT-P-1b is a warm Jupiter with low density (M, = 0.53 M;
and R, = 1.36 Ry) orbiting a GO V-type star discovered by Bakos
et al. (2007). The host star is part of a wide binary system with a
companion (HAT-P-1A) of similar effective temperature, making
it an excellent comparison star for atmospheric observations in
high angular resolution. The planet has a relatively high TSM,
which makes it a favourable object for atmospheric studies using
ground-based and space-borne telescopes (e.g. Wakeford et al.
2013; Montalto et al. 2015). Bakos et al. (2007) suggested a small
eccentricity that could be attributed to perturbations by an outer
companion, which could be discovered by RV or TTV observations.
With follow-up RV observations, Ment et al. (2018) rejected the
eccentric orbit and Johnson et al. (2008) found that the spin of the
orbit of HAT-P-1 b is aligned with the stellar rotation axis. Winn et al.
(2007) and Johnson et al. (2008) found no significant TTVs in the
system.

Here, we analysed 26 transit light curves, 3 of which were
eliminated, to update the ephemeris of HAT-P-1b. We found no
statistically significant periodic or parabolic change in the period
analysis. We updated the ephemeris of transit, which can be very
useful for future atmospheric observations.

3.3.3 HAT-P-10/WASP-11 system

HAT-P-10b is a low-mass, hot Jupiter that was independently
discovered by Bakos et al. (2009a) and West et al. (2009). Follow-up
RV observations by Knutson et al. (2014) revealed a linear trend
that suggested the presence of a stellar-mass companion. Adaptive-
optic (AO) observations by Ngo et al. (2015) revealed the existence
of a 0.36-My companion at a distance of 42 au (~0.235 arcsec),
which can explain the RV trend. Ngo et al. (2016) showed that the
companion cannot cause Kozai—Lidov migration of the planet, and
the eccentricity of the planet is consistent with zero as expected. The
Rossiter—-Mclaughlin (RM) observations by Mancini et al. (2015)
indicate that the system is aligned, and this alignment has a primordial
origin rather than being due to tidal interactions, owing to the
relatively long distance between the star and the planet. Therefore,
we do not expect to observe orbital decay in this system. Wang et al.
(2014) investigated the TTVs to detect any outer companion with the
light-time effect (LiTE), but found the orbital period of HAT-P-10
b to be constant. We included this system in our study for the same
reasons and studied its TTV diagram with more data spanning a
longer baseline.

We conducted an analysis of 29 transit light curves, consisting
of 16 from ETD, 7 from literature, 4 from TESS, and 2 from our
own observations. However, we excluded 4 of them and ultimately
derived a TTV diagram from 25 mid-transit times that were evenly
distributed across a span of 13 yr. Our analysis of the TTV diagram

MNRAS 530, 2475-2495 (2024)
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Table 4. Lower limits for the reduced tidal quality factors (Q’,) for the host stars in our sample at 95 per cent confidence level. AAIC and ABIC values were
used for comparisons between linear and quadratic models in this order. The quadratic model is favoured in the cases where ABIC > 10.

System AAIC ABIC dP/dE (d/cycle) P (msyr~ 1) Q.

GJ 1214 —1.58 —3.32 6.63 + 11.4 x 1071 1.32 4+ 2.26 >2.4 x 10?
HAT-P-1 —1.90 —3.00 —3.63 + 920 x 10710 18.99 + 9.83 >6.2 x 102
HAT-P-10 0.63 —0.54 —9.60 + 5.98 x 10~10 —8.14 + 5.07 >4.1 x 10?
HAT-P-13 —-252 —3.86 —1.98 + 102 x 10710 —2.14 + 11.10 >1.1 x 10°
HAT-P-16 —1.62 —3.59 —3.35 4+ 501 x 10710 —8.93 £+ 10.12 >2.6 x 10*
HAT-P-22 1.07 2.02 1.14 £+ 0.58 x 107 11.24 + 5.65 >2.4 x 103
HAT-P-30 1.66 —0.08 —1.32 + 061 x 107 —43.8 + 12.12 >1.6 x 10°
HAT-P-53 —042 —0.61 20 £+ 1.70 x 10~° 32.30 + 27.55 >82 x 103
KELT-3 -0.13 —0.90 2.12 + 1.84 x 107° 2472 + 21.53 >8.8 x 103
QATAR-2 7.26 4.90 2.46 + 0.80 x 10710 5.81 + 1.89 >1.4 x 10*
WASP-8 0.53 0.45 7.40 £+ 4.76 x 10~ 28.60 + 18.40 >2.4 x 10°
WASP-44 7.27 5.94 478 + 1.13 x 107? 62.23 + 14.69 >5.5 x 10?
WASP-50 —0.59 —2.40 —4.42 + 3.60 x 10710 —7.14 £+ 5.81 >6.9 x 103
WASP-77A 0.15 —1.63 —1.69 + 1.20 x 10710 —3.93 + 278 >7.2 x 10*
WASP-93 —1.07 —2.28 —7.87 + 9.46 x 10710 —31.89 + 19.03 >3.7 x 103
X0-2 45.15 42.98 —10.7 + 1.54 x 10710 —12.95 + 1.85 =1.5 x 103

did not reveal any significant periodic changes or deviations from a
constant period.

3.3.4 HAT-P-13 system

HAT-P-13b is a warm Jupiter discovered by Bakos et al. (2009b),
revolving around a solar-like, metal-rich { T = 5653 K and [Fe/H]
= 0.41}, and slightly evolved star. The system consists of at least
another planet, HAT-P-13 c, highly eccentric (e = 0.691), long period
(P. = 446.27d), massive (Mpsini = 15.2 M) outer companion
discovered with RV observations. The presence of another outer
companion is suggested by the linear trend of RV residuals, as noted
by Winn et al. (2010a) and Knutson et al. (2014). HAT-P-13 was
suggested to have a cooler companion (7 = 3900 K; Piskorz et al.
2015) blending its lines in its infrared spectrum. However, the AO
observations do not reveal a companion (Ngo et al. 2015), within the
limits of the study given in their fig. 4 making the system worthwhile
for TTV investigations. Nascimbeni et al. (2011) and Pal et al. (2011)
suggested that the system has significant TTV, while Southworth et al.
(2012), Fulton et al. (2011b), and Sada & Ramén-Fox (2016) found
the period to be constant by ignoring a single outlier in the TTV
diagram. Sun et al. (2023) detected apsidal motion of the orbit with
a ABIC = 26.

We used 28 light curves to construct the TTV diagram of HAT-
P-13b, after eliminating 7 of them. We found that the period of
HAT-P-13 b deviates from a constant period. The frequency analysis
revealed a peak at 479.52 d with an FAP of 0.0007 and the full
TTV amplitude is ~321 s (see Fig. 2). Assuming that planet c is the
perturber, and the system is coplanar, the TTV amplitude caused by
a planet ¢ should be approximately 40 s, as previously calculated by
Bakos et al. (2009b). The RM observations by Winn et al. (2010a)
revealed that the orbit of HAT-P-13b is aligned, which supports
the coplanar scenario. However, the transit of HAT-P-13 ¢ has not
been observed in long-term observations by Fulton et al. (2011b)
and Szabé et al. (2010). Therefore, we conducted a preliminary
Newtonian orbital analysis to fit the RVs and TTVs and found that
the inclination of the putative planet ¢ must be ~2°, and its mass
should be ~0.4 Mg to cause a 321-s TTV. If this is the case, we
would expect the impact parameter, b, to vary over time, making
HAT-P-13 b’s orbit misaligned.

MNRAS 530, 2475-2495 (2024)

Some of the transit light curves of HAT-P-13 b exhibit modulations
that can be attributed to star-spots. This makes it challenging to
accurately measure the mid-transit times, which could introduce
fallacious TTVs. Additional observations, including upcoming TESS
data and new ground-based observations, are needed to determine
the true ephemeris of HAT-P-13 b. We suggest that these light curves
require special treatment, such as Gaussian process (Yal¢inkaya et al.
2021) or spot modelling (Mancini et al. 2017), for better accuracy.

3.3.5 HAT-P-16 system

HAT-P-16b is a dense (M, =4.193 M; and R, = 1.289 R;), hot
Jupiter (P = 2.775960 d) orbiting an F8 dwarf, discovered by
Buchhave et al. (2010). The planet was found to have a small but
statistically significant eccentricity based on its RV observations
(Buchhave et al. 2010; Bonomo et al. 2017) and its projected spin—
orbit angle suggests that it is aligned within the limits of measurement
uncertainties (projected spin—orbit angle, A = —10° & 16°; Moutou
et al. 2011). The small eccentricity could be explained by the young
age of the system (2 & 0.8 Gyr: Buchhave et al. 2010; 0.5 £ 0.5 Gyr:
Ciceri et al. 2013; 0.8 & 0.2 Gyr: Bonfanti et al. 2015), which
might be less than the tidal circularization time. However, the tidal
circularization time is linearly dependent on the tidal quality factor
(Qp; Adams & Laughlin 2006b) and it is not well known for hot
Jupiters. The stellar age of the cold stars on the main sequence
(MS) could not be precisely calculated with the isochrone fitting
method because the change in their masses and radii during their
MS evolution is comparable to the uncertainties on these parameters.
Therefore, it is not possible to deduce the eccentricity of the orbit
of HAT-P-16b based on a comparison of the tidal circularization
time with the stellar age. However, Knutson, Howard & Isaacson
(2010) measured the log Ry index as —4.863, which indicates
low magnetic activity (e.g. Noyes et al. 1984), and Ciceri et al.
(2013) found no star-spot-induced anomalies in the transit light
curves, which is also indicative of low magnetic activity. Hence,
the system should not be very young. Using the log (R )—stellar
rotation period (P, ) calibration from Sudrez Mascarefio et al. (2015),
we found P, ~ 22.5d and v, = 2.8kms™!, meaning that the
stellar inclination (/,) is consistent with 90° within uncertainties
(Vsini = 3.5 & 0.5; Buchhave et al. 2010). This result, combined
with the RM values, suggests that the orbit of HAT-P-16b is well
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Figure 1. Linear residuals of TTV diagrams for all the planets in our sample based on observations from open data bases (plus symbol for ETD and x symbol
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for AXA), our observations (diamond), TESS observations (square), Kepler observations (pentagon), and light curves published in the literature (circle).
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Figure 2. Top: Lomb-Scargle periodogram of TTV of HAT-P-13 b. The
horizontal dotted lines correspond to FAPs of 0.1, 0.01, and 0.001, from
bottom to top. Bottom: phase-folded TTV to the frequency with the highest
power.

aligned. Winn et al. (2010b) speculate that hot Jupiter systems may
have primordial misaligned orbits, but the tidal dissipation in the
convective zones of their host stars can lead to spin—orbit alignment.
Considering the relatively high effective temperature of HAT-P-16,
the star should have a thin convective zone. The T cut-off at which
the star will have a negligible convective mass was determined at
6250K by Pinsonneault, DePoy & Coffee (2001), while HAT-P-
16’s Ter is 6158 K. Then, it should take a few Gyr for HAT-P-
16 to diminish the primordial obliquity. On the other hand, using
equation (2) from Adams & Laughlin (2006b) and the limits for Q,
between 10° and 10° as given by them, the tidal circularization
time-scale is only 400 Myr even if the Q, is taken to be 10°.
Assuming that the system is at least a few Gyr old based on its
magnetic activity, the non-zero eccentricity may have been caused
by an outer companion (Adams & Laughlin 2006a), which may have
led to Kozai—Lidov oscillations. Sada & Ramoén-Fox (2016) searched
for TTVs, but did not detect a definitive signal because there were
too few observations. Sun et al. (2023) detected orbital decay with
ABIC = 167 and apsidal motion with ABIC = 317. We included
light curves from several works (Buchhave et al. 2010; Ciceri et al.
2013; Pearson, Turner & Sagan 2014; Sada & Ramén-Fox 2016;
Aladag et al. 2021), adding up to a total of 62 light curves, 9 of
which were eliminated; hence, we were able to form a TTV diagram
covering the widest time range available for analysis. The recently
published TESS sector ruled out the orbital decay suggested by Sun
et al. (2023). We also did not detect any significant cyclic TTV, as
suggested by Sun et al. (2023), that can be caused by the apsidal
motion of the orbit. Although we did not detect any significant
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cyclic or parabolic changes, we updated the ephemeris for future
observations.

3.3.6 HAT-P-22 system

HAT-P-22b is a relatively dense (M, =2.147 My and R, =
1.080R;), slightly eccentric (e = 0.0064™0-00%0; Knutson et al. 2014),
probably aligned (true spin—orbit angle, ¥ = 25° £ 18°; Mancini
et al. 2018) hot Jupiter discovered by Bakos et al. (2011). Linear
trend in the RV residuals has been detected by Knutson et al. (2014);
they suggest that this acceleration is an evidence of a presence
of at least one additional body in the system. Later on, Piskorz
et al. (2015) detected a spectroscopic companion with an effective
temperature of 4000 K. However, this companion could not be seen
in the AO observations (Ngo et al. 2015), based on which Piskorz
et al. (2015) calculated the mass of the potential companion to be
~660 M; with a maximum separation of 33 au. If this companion is
responsible for the RV trend, then it should have a face-on orbit (e.g.
the inclination of the companion’s orbit must be close to 0°). The
companion also could have separation larger than 33 au but observed
at the time when the angular separation is low, which explains the
non-AQO detection. Based on the mass ratio of the host star and the
companion, it is possible for companion to excite the Kozai-Lidov
oscillations for HAT-P-22 b from 33-au distance (see fig. 5 in Ngo
et al. 2015). Moreover, the small eccentricity could be a hint for
such oscillation. HAT-P-22 b is also one of the most favourable
exoplanets for atmospheric characterization with TSM = 582. We
included HAT-P-22 b to our list to attempt to detect TTV and/or
update the ephemeris for future observations.

Ground-based photometric follow-up transit observations have
been carried out by Hinse et al. (2015) and Wang et al. (2021).
‘We used all available observations from the literature, ETD, TESS,
and our observations, which passed our criteria (6 of them were
eliminated), to form a TTV diagram of 19 data points spanning
a baseline of 13 yr. We did not detect any parabolic or periodic
changes, and we updated the ephemeris of the exoplanet HAT-P-22
b as a result.

3.3.7 HAT-P-30/WASP-51 system

HAT-P-30b is a hot Jupiter (M, = 0.711 M; and R, = 1.340 Ry),
independently discovered by Johnson et al. (2011) and Enoch et al.
(2011). RV observations show that the planet has a highly oblique
(i.e. misaligned) orbit but no potential perturbing companion has been
detected in the system through spectral (Piskorz et al. 2015) or AO
observations (Ngo et al. 2015). Enoch et al. (2011) detected a strong
Lithium absorption line indicating the system is young (<1 Gyr).
Therefore, it is possible that the planet has not had enough time to
damp its obliquity with tidal dissipation (Winn et al. 2010a). Bai
et al. (2022) detected TTV for HAT-P-30 b that could be caused by
apsidal precession or additional perturbing body. We selected this
system to investigate the findings of Bai et al. (2022) with the new
transit observations.

We analysed a total of 48 light curves (6 of them were eliminated),
including 3 TESS sectors and follow-up observations from the
literature (Maciejewski et al. 2016a; Wang et al. 2021) and ETD
observations to form the TTV diagram spanning more than 12 yr.
We were able to accurately update the ephemeris, thanks to the
multisector TESS observations. However, in contrast to Bai et al.
(2022), we did not find any statistically significant TTVs.
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3.3.8 HAT-P-53 system

HAT-P-53b is a hot Jupiter (M, = 1.484 M; and R, = 1.318 Ry)
that orbits a Sun-like star (Hartman et al. 2015). Unfortunately, RV
follow-up observations are not sufficiently precise to measure the
orbital eccentricity, RM effect, or to search for additional bodies even
unless they are too massive, though Hartman et al. (2015) denoted the
system’s RV can be precisely measured despite the relatively faint
host star, thanks to its slow rotation and low surface temperature.
Although the star rotates slowly, the planet moves rapidly in its
orbit. Because of that, HAT-P-53 system is suggested to be a good
example for tidal spin-up by Gallet (2020). As the angular momentum
transferred from planet’s orbit to star, star will rotate faster while
planet’s orbit shrinks. This effect could be observable with the TTV
method if the observed time range is long enough as the amplitude of
this effect increases within time. We selected this system to analyse
its TTV to attempt to detect such variation.

Photometric transit follow-up observations have been carried out
by Kjurkchieva et al. (2018) and Wang et al. (2021). The system has
only three transit observations that cover the full transit and does
not have 2-min 7ESS observations. Nevertheless, we were able to
update the ephemeris of the system using the combination of ETD,
literature, and 30-min TESS data for future observations. We did not
detect any deviations from the linear ephemeris in the system in our
analysis.

3.3.9 KELT-3 system

KELT-3b is a hot Jupiter (M, = 1.477 M; and R, = 1.345 Rj)
orbiting a bright (V = 9.8 mag), late F type star discovered by
Pepper et al. (2013). A faint nearby star at 3.74-arcsec angular
distance was detected from direct imaging observations (Pepper
et al. 2013; Wollert & Brandner 2015). Gaia revealed that this
neighbour is actually bound to the system at a linear distance of
~800 au. Relatively high surface temperature and brightness of the
host star make the KELT-3 system an excellent candidate for probing
the atmosphere of its planet in shorter wavelengths with transit
observations (e.g. Cauley, Redfield & Jensen 2017; Corrales et al.
2021) or with the occultation observations in longer wavelengths
(emission spectroscopy metric, ESM = 170; Kempton et al. 2018).
Despite having a bright host star, the system does not have many
follow-up observations in the literature. In fact, our observation is the
only one that covers a full transit. Mallonn et al. (2019) updated the
ephemeris using the transit observations from ETD and observation
from Pepper et al. (2013). Wang et al. (2021) observed two transits
but they were not able to cover the full duration.

We have refined the ephemeris of KELT-3b using two sectors
of TESS observations and our observation. Based on our criteria,
we eliminated the ETD and previous observations from Pepper et al.
(2013). However, the TESS observations are relatively precise, thanks
to the bright host star, enabling us to correct the ephemeris for future
observations of this bright system.

3.3.10 QATAR-2 system

QATAR-2b is a short-period (P = 1.337d) hot Jupiter (M, =
2.487 My and R, = 1.144 R;) discovered by Bryan et al. (2012).
Some of the transit light curves show star-spot occultations by the
planet’s disc. Mancini et al. (2014) observed consecutive transits
of QATAR-2 b with ground-based telescopes and they concluded
that the planet’s orbital plane is aligned with the stellar rotation
by tracking the change in position of one star-spot. Later on, Dai
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et al. (2017) and Mo¢nik, Southworth & Hellier (2017) used Kepler
observations and also found that the planet’s orbit is aligned. The
findings were further confirmed by Esposito et al. (2017) based on
RV observations during a transit, which revealed a symmetric RM
effect in the prograde direction.

The short period and relatively high mass ratio of QATAR-2b
make it a potential target to observe an orbital decay (Dai et al. 2017
and references therein), which manifests itself as a parabolic change
in the TTV diagram. The amplitude of this effect increases over time,
making it detectable with ground-based observations. We observed
the transit of QATAR-2b after ~1250 epochs later from Kepler
observations but we did not detect statistically significant parabolic
change. We also did not detect statistically significant periodic TTV
in the system. Although the TTV diagram of QATAR-2 b is not well
sampled, the updated ephemeris precision is the highest among the
exoplanets in this study (except WASP-50b), thanks to the ultra-
precise Kepler data.

3.3.11 WASP-8 system

WASP-8b is a warm Jupiter (P = 8.1587d, M, = 2.244 Mj, and
R, = 1.038 R;), orbiting a bright (V = 9.87 mag) solar-like star,
discovered by Queloz et al. (2010). The planet is very interesting due
to its eccentric (¢ = 0.3044; Knutson et al. 2014), misaligned, and
retrograde orbit (A = —143°; Bourrier et al. 2017). In the discovery
paper, the RV residuals show a linear drift, potentially caused by
a companion. The system consists of a physically bound faint M
type dwarf star WASP-8B, located ~4.5 arcsec (~440 au) away from
WASP-8A (Ngo et al. 2015). Follow-up RV observations by Knutson
et al. (2014) revealed that only a part of the observed slope in RV
residuals can be due to the presence of WASP-8B. Instead, another
planet, WASP-8 ¢ (P, = 4323 d and M, sini. = 9.45 Mj) was found
to be responsible for the RV variation. The only photometric follow-
up observations were carried out by Borsato et al. (2021) with the
CHaracterising ExOPlanet Satellite (Benz et al. 2021) to improve
the precision of ephemeris.

WASP-8b is a promising TTV candidate and has a very high
TSM (421), suitable for atmospheric observations. However, its
equatorial position (§ ~ —35°) and long period (hence long transit
duration) make it difficult to observe its full transits. We updated
the ephemeris of WASP-8 b with three sectors of TESS observations
and two light curves from previously published observations. This
updated ephemeris will be useful for future ground- and space-based
observations of the system.

3.3.12 WASP-44 system

WASP-44b is a hot Jupiter (M, = 0.889 M; and R, = 1.14 Ry)
discovered by Anderson et al. (2012). Mancini et al. (2013) found that
the radius of the planet is smaller by 10 per cent than first measured
and there is no extreme radius variation in the optical wavelengths
from multiband photometry. However, Turner et al. (2016) reported
that the radius of the planet is 1.40 larger in the near-ultraviolet.
After ~6.5 yr, Addison et al. (2019) observed a transit and updated
the ephemeris. Similar to the HAT-P-30 system, WASP-44 system
is also exposed to tidal spin-up (Gallet 2020). Similar study has
been carried out by Brown (2014) and isochrone age was found
to be significantly older than gyrochronological age. The angular
momentum transfer from planet’s orbit to rotation of the star could
manifest itself as orbital decay in TTV diagram. We selected this
system to attempt to detect such variation.
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We analysed the follow-up transit observations mentioned above,
along with our own observations, and TESS and ETD data, to update
the ephemeris. However, we did not find any evident periodic or
secular TTVs in its timing data.

3.3.13 WASP-50 system

WASP-50b is a hot Jupiter (M, = 1.468 M; and R, = 1.53 Ry),
discovered by Gillon et al. (2011) revolving on a circular orbit
(Bonomo et al. 2017). Follow-up photometric transit observations
were carried out by Tregloan-Reed & Southworth (2013), Sada et al.
(2012), and Sada (2018) to update the ephemeris or increase the
precision of its transit parameters. Gillon et al. (2011) measured the
rotation period of WASP-50 from two seasons of WASP photometry
as 16.3 £+ 0.5d; however, Canto Martins et al. (2020) found this
value to be only 5.488 d from TESS Sector 4 light curve. We
performed a preliminary analysis of the Sector 31 PDCSAP_FLUX
of TESS and confirmed the finding by Canto Martins et al. (2020).
The measured log Ry and Py values by Gillon et al. (2011) are
in excellent agreement with each other comparing to the empirical
values calculated using the P,—log R}y, relation presented by Sudrez
Mascarefio et al. (2015). Moreover, a rotation rate of 5.488 d indicates
a very young age (~80Myr; Barnes 2007); however, according to
the lithium abundance, the system should be at least 0.6 & 0.2 Gyr
old (Gillon et al. 2011). If the true rotation period is 5.488 d, then the
lack of lithium suggests that the star could be a good example of tidal
spin-up (e.g. Gallet 2020). Tejada Arevalo, Winn & Anderson (2021)
have suggested that even after orbital circularization, the planet’s
orbit may shrink by transferring angular momentum to its host star
and causing its rotation rate to increase. We selected this system to
observe such effect via TTV method as it should manifest itself as
orbital decay.

We analysed 45 light curves (9 of them were eliminated) spanning
10 yr of best observations available. We did not detect any parabolic
TTV but the frequency analysis peaked at 34.45 d with an FAP of
2 per cent. The amplitude of this periodic variation is 57 s, which is
compatible with our average mid-transit uncertainty. As a result, our
findings are inconclusive. Further precise observations are required
to confirm this hint of a periodic TTV.

3.3.14 WASP-77 system

WASP-77Ab is a short-period (P = 1.36d) hot Jupiter (M, =
1.76 M; and R, = 1.21 Rj) revolving around a G8 V-type, bright
(V = 10.12 mag), wide binary with the component WASP-77B at
a projected angular distance of ~3.5 arcsec (Maxted et al. 2013).
Photometric follow-up transit observations that confirmed the transit
parameters of the discovery paper were carried out by Turner et al.
(2016) and Cortés-Zuleta et al. (2020). The planet has relatively
high TSM and ESM (ESM = 333 and TSM = 770) and its wide
companion (WASP-77B) can be used as a comparison star, making it
favourable for atmospheric observations via transmission or emission
spectroscopy from the ground-based (Line et al. 2021; Reggiani et al.
2022) or space-borne observations (Mansfield et al. 2022). Gallet
(2020) suggested that the host star might have been affected by tidal
spin-up by its planet WASP-77b.

Cortés-Zuleta et al. (2020) performed a TTV analysis for WASP-
77b in a similar way within this work. We added additional transit
light curves from TESS Sector 31, our observations, and the newly
available light curves from ETD. As a result, we were able to update
the ephemeris with increased precision, thanks to transit light curves
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covering a longer baseline. As in Cortés-Zuleta et al. (2020), we
found no significant secular or periodic TTVs.

3.3.15 WASP-93 system

WASP-93b is a hot Jupiter (M, = 1.47 M; and R, = 1.597 Ry)
orbiting a fast-rotating (vsini = 37 & 3kms~') F4 V star discovered
by Hay et al. (2016). RM observations were attempted twice by
Hay et al. (2016); however, the first observation was unable to cover
the transit due to ephemeris uncertainty, and the combination of
the first and second attempts resulted in inconclusive results due to
insufficient RV precision. Gajdos et al. (2019) searched for TTVs in
the system using only ETD observations and they did not observe
any significant deviation from linear ephemeris. Although WASP-
93 b has relatively high TSM and ESM, TESS observations do not
show significant phase modulations or an occultation signal (Wong
et al. 2021).

TESS observed WASP-93 during sectors 17, 57, and 58 but,
unfortunately, the object was too close to the edge of the camera in
Sector 58 observations; hence, we were unable to use it. We observed
seven transits of WASP-93 b and used available observations in the
literature and ETD to update its ephemeris. The RM observations
by Hay et al. (2016) show the hint of a retrograde orbit if the transit
ephemeris arrived earlier by ~35 min. The timing difference between
our ephemeris and the ephemeris from Hay et al. (2016) is only
—46 £ 48 s at the time of the second RM observations. Therefore,
we rule out the early transit-retrograde orbit scenario even if the two
independent RM observations agree with each other (see fig. 8 in
Hay et al. 2016). We also did not detect any secular or periodic TTV
signal.

3.3.16 XO-2N system

XO-2Nb is a hot Jupiter (M, = 0.57 My and R, = 0.98 Ry) orbiting
around a metal-rich, [M/H] = 0.44 £ 0.02 dex, wide binary com-
ponent XO-2N in an aligned orbit (Narita et al. 2011) discovered
by Burke et al. (2007). A binary companion, XO-2S, which is
also a metal-rich star, resides ~30 arcsec away from XO-2N and
has at least two planets discovered with RV observations (Desidera
et al. 2014). The visual binary components have similar effective
temperatures; thus, XO-2S is a great comparison star for transmission
spectroscopy of XO-2N b (e.g. Crouzet et al. 2012; Sing et al. 2012).
With additional RV observations, Knutson et al. (2014) detected that
the RV residuals show a linear trend within time, possibly caused
by an outer companion. Later on, Damasso et al. (2015) revealed
that the linear RV residuals are actually only a part of the curve in
RV, possibly caused by an outer companion XO-2N ¢ or by stellar
activity.

We obtained the transit light curves from several works (Burke
et al. 2007; Fernandez et al. 2009; Kundurthy et al. 2011; Damasso
et al. 2015; Maciejewski et al. 2018; Wang et al. 2021), 3 sectors
of observation (20, 47, and 60) from TESS, 13 from amateur
astronomers, and our 3 new observations to form the TTV diagram
with a total of 42 light curves, spanning almost 16 yr. Our analyses
indicated that the parabolic ephemeris fits the data better than linear
with the ABIC of 42.98 and AAIC of 45.15, suggesting that the orbit
of XO-2b is decaying with a rate of —12.95 & 1.85 ms yr~! (Fig. 3).
The parabolic ephemeris is as follows:

T = 2458843.218212(92) + 2.615858 62(17) E
—4.7(8) x 10710 E2, (1)
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Figure 3. Quadratic TTV model of XO-2N b (black dashed line with 30" uncertainty shown in grey shaded region). The linear term was subtracted for display

purposes.

Although the parabolic ephemeris is statistically significant, it does
not agree well with the latest TESS observations (sectors 47 and 60).
TESS will observe the XO-2N system during cycle 6 of its mission.
However, the wide binary component is only ~30 arcsec away, and
a TESS pixel has a 21-arcsec field of view. This may add extra
red and white noise because the light from XO-2S blends into the
aperture selected for XO-2N. Therefore, ground-based observations
could be a better option for confirming or discarding the parabolic
trend.

4 DISCUSSION

We constructed the TTV diagrams of 16 exoplanets consisting of
the most precise and complete light curves with the longest time
span for each of the planets in our sample (Fig. 1). This allowed us
to increase the precision of the orbital period and the accuracy of
the ephemeris information for future follow-up observations. Based
on the ephemeris information given in Table 3, the uncertainty on
the predicted ephemeris will provide transit timings with a precision
below 5 min with an average of 1.8 min until 2070 for all the systems
except for XO-2N and HAT-P-13 where we detect deviation from the
linear ephemeris.

We detect that a decrease in the orbital period of XO-2Nb may
have been caused by several events if it is real. As discussed by
Vissapragada et al. (2022), such a decrease can be observed if the
system is accelerating towards us, making the transits observed
earlier than expected. In that case, the RV residuals should have
a slope of —0.05ms~!d~! (v = cP/P; Vissapragada et al. 2022)
but Damasso et al. (2015) reported this value as +0.0017 ms~!d~'.
Damasso et al. (2015) also reported that the eccentricity of the planet
is consistent with zero. Therefore, we did not consider a scenario
based on precession. The RV residuals show a parabolic variation that
can be caused by a long-period outer companion. This companion
may be causing LiTE and changing the orbital period of XO-2b
within a longer time interval; thus, the parabolic TTV could be a
part of this periodic variation. We neglect this scenario also because
Damasso et al. (2015) showed that the parabolic RV variation is due
to magnetic activity. Even if the magnetic activity was not the reason

for the RV residuals, the phases of LiTE and long-term parabolic RV
change do not match.

We detect a cyclic variation in the period of HAT-P-13 b, which has
a semi-amplitude of 160.8 s and 479.52-d periodicity. This variation
could be caused by the known outer companion of the system, HAT-
P-13¢c (P =445.82+0.11dand M, sini = 14.617)4% M;; Knutson
et al. 2014). However, in order to cause such a high-amplitude TTV,
the orbital inclination of HAT-P-13 ¢ needs to be ~2°, which trans-
lates into a mass of ~0.4 M, using the Msini value. Piskorz et al.
(2015) detected another star in the spectrum of HAT-P-13 that has
an effective temperature of 3900%3% K (Mcompanion = 0.6 156 Mo).
Piskorz et al. (2015) discussed whether HAT-P-13d, detected by
linear drift in the RV residuals, is that spectral companion. However,
in that case, the inclination of the planet d should be ~5°, which
could lead to Kozai-Lidov oscillations and make the orbit of HAT-
P-13b misaligned (Winn et al. 2010a). Our TTV analysis suggests
that the observed spectral companion could be HAT-P-13 ¢ instead.
This could explain the non-AO detection by Ngo et al. (2015) due to
short angular separation. However, such a close companion would
have catastrophic effects on the system stability aside from making
the orbit of HAT-P-13 b misaligned.

Nevertheless, in order to assess the time-scale of any potential
orbital instability of the planet ¢ with an orbital inclination of 2°,
we run an N-body simulation by using REBOUND code (Rein & Liu
2012), with 15th-order integrator to simulate gravitational dynamics
(IAS15) (Rein & Spiegel 2015) integrator. We used the masses and
orbital parameters of the planets b and c derived from Winn et al.
(2010a). We stress that we did not include the potential additional
planet (planet d in Knutson et al. 2014), since the orbital parameters
and mass of this putative object are currently unknown. Results of
our simulation show that the system becomes unstable of the order
of 30000 yr. Therefore, we think that the amplitude of the detected
TTYV signal in our analysis might have been overestimated due to the
high scatter caused by correlated noise in the transit light curves.

We do not find any statistically significant periodicities in our
timing analysis of any other system. However, we simulated the
WASP-8 system in a same way as we did for HAT-P-13 and we
found that the TTV due to WASP-8 ¢ should be observable. We
assumed that the transiting planet WASP-4 b is coplanar with the RV
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planet WASP-8 c. Using the absolute and orbital parameters from
Queloz et al. (2010) and Knutson et al. (2014), we found that the
full TTV amplitude of WASP-8 b should be ~40 s due to LiTE
and ~2 s due to gravitational interaction. The typical mid-transit
measurement error of TESS data for this system is about 20 s, so the
TTV of this system can be detected with light curves that have similar
precision as TESS. We could not detect this signal due to poor phase
coverage.

4.1 Discussion on tidal quality factors

Although we do not have any observational data on the rotation
rates of the exoplanets in our sample, the rotational periods of their
hosts are all longer compared to their orbital periods. The energy
raised in those tidal interactions can be dissipated in the convective
envelope of their host stars, transferring angular momentum from
the planet to the star that would cause the star to spin-up while
the planet to fall-in (Counselman 1973; Rasio et al. 1996; Essick
& Weinberg 2016; Harre et al. 2023; Weinberg et al. 2024). In
addition to this equilibrium tide, dynamical tide excites internal
gravity waves, which dissipate the energy through also the secondary
waves it generates via wave—wave interactions (Barker & Ogilvie
2010; Ivanov, Papaloizou & Chernov 2013; Barker 2020). This latter
mechanism is especially dominant in a system with a solar-type host
and a hot Jupiter-type planet (Essick & Weinberg 2016; Weinberg
et al. 2024).

If we assume the planetary mass to be constant, then the rate of
change in the orbital period can be related to the so-called reduced
tidal quality factor of the host star by the constant phase lag model
of Goldreich & Soter (1966) defined as

, 2T (M) (R ]
Q*“T(E) <*) 3 @

where M, is the mass of the planet, M, and R, are the mass and the
radius of the host star, respectively, and a is the semimajor axis of
the planet’s orbit. The rate of orbital decay, P, is derived from the
timing analysis, which is twice the value of the quadratic coefficient
of the best-fitting parabola. If that best-fitting model is not found to
be statistically superior to the linear model, then an orbital decay
cannot be argued and the quadratic coefficient can only be used to
derive a lower limit for the reduced tidal quality factor, which is the
case for all systems in our sample except XO-2N. We derived these
limits based on the fundamental parameters of the objects in our
sample, which we provide in Table 4 together with AAIC and ABIC
values, indicating the statistical significance of the quadratic model
in each of the cases. Positive values for both statistics hint that the
quadratic model should be favoured.

XO-2Nb is not one of the prime candidates for orbital decay due
to tidal interactions with its host star because it is not a particularly
big planet. Although its solar-like host star should have a convective
envelope to dissipate the tidal energy, its reduced tidal quality factor
should be larger than 550 as derived from the rate of observed period
decrease when it is compared with other host stars with similar
spectral types and evolutionary history. Infall time calculated from
the same rate is P/P = 17.45Myr, which is too short compared
to age of the system. TESS observations do not follow the orbital
decay model found to be statistically superior to the linear model.
However, the precision of TESS observations of XO-2N is lower than
that achieved for the stars with similar magnitudes. This is because
the wide binary component XO-2S is only ~30 arcsec away from the
XO-2N, blending its flux in the TESS aperture, adding extra noise
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and diluting the transit depth, resulting in high scatter on the TTV
diagram. Because of this reason, we encourage observations of the
transit of XO-2Nb with ground-based telescopes in high angular
resolution in the future to confirm the orbital decay scenario, which
we find unlikely at the moment.
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Mid-transit times derived from our own light curves as well as those
of other observers are presented as online data sets too.
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APPENDIX A: LIGHT CURVES

We provide our own light curves (black data points) and EXOFAST
models (red continuous curves) in Figs A1-A14.
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Figure A1l. GJ 1214 b light curves. Data points are shown with dots, while
the continuous curve is for the EXOFAST model in all the light curves presented
in this section. The ones that were eliminated based on our quantitative light-
curve selection criteria, therefore not used in timing analyses, are marked
with asterisks.
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APPENDIX B: LIST OF ETD OBSERVERS

We present the list of ETD observers in Table B1 with their unique
TRESCA protocol number.
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Table B1. ETD observers whose light curves were used in this study.

TTV analyses of 16 systems 2493

System ETD number Filter Observer TRESCA protocol number
GJ 1214 ETD44 Clear Thomas Sauer 1278597072
GJ 1214 ETD48 1 Johannes Ohlert 1281369862
GJ 1214 ETD71 Clear Esseiva Nicolas 1368129605
GJ 1214 ETDS86 Clear Fran Campos 1436715932
GJ 1214 ETD97 1 Marc Bretton 1531068175
GJ 1214 ETDI105 Clear Paul Benni 1616843398
HAT-P-1 ETD37 R Ramon Naves 1378191469
HAT-P-1 ETD44 \%4 Marc Bretton 1506648757
HAT-P-10 ETD9 Clear Lubos Brat 1252467945
HAT-P-10 ETDI8 Clear Samuel Durrance, Stacy Irwin 1292271351
HAT-P-10 ETD21 Clear Lubos§ Brat 1317438434
HAT-P-10 ETD36 R Mark Salisbury 1350197834
HAT-P-10 ETD39 Clear Alfonso Carreno 1354463447
HAT-P-10 ETD44 Clear Paul Benni 1380843090
HAT-P-10 ETD71 R Ferran Grau Horta 1419237611
HAT-P-10 ETD85 Clear David Molina 1476120518
HAT-P-10 ETD87 R Wonseok Kang 1484834873
HAT-P-10 ETD88 R Wonseok Kang 1484831725
HAT-P-10 ETD99 % Yves Jongen 1544871912
HAT-P-10 ETD100 Clear Bruno Fontaine 1546017209
HAT-P-10 ETD101 Clear Yves Jongen 1567668774
HAT-P-10 ETD102 R Veli-Pekka Hentunen 1569003995
HAT-P-10 ETD103 % Yves Jongen 1569911364
HAT-P-10 ETDI113 Clear Matthieu Bachschmidt 1638791203
HAT-P-13 ETD39 R Ramon Naves 1296839849
HAT-P-13 ETDS82 Clear Marc Bretton 1446972948
HAT-P-13 ETD100 Clear Manfred Raetz 1579296693
HAT-P-13 ETD104 R Manfred Raetz 1585809439
HAT-P-13 ETD107 R Yves Jongen 1612792652
HAT-P-16 ETD10 R Ruth ODougherty Sanchez 1291563452
HAT-P-16 ETDI3 Clear Stan Shadick 1318731754
HAT-P-16 ETDI15 Clear Jaroslav Trnka 1317463132
HAT-P-16 ETDI16 R Thomas Sauer 1317639008
HAT-P-16 ETD2 Clear Jaroslav Trnka 1278846773
HAT-P-16 ETD23 I Stan Shadick 1349233966
HAT-P-16 ETD27 R Petri Kehusmaa, Caisey Harlingten 1351258657
HAT-P-16 ETD31 R Mark Salisbury 1378590453
HAT-P-16 ETD36 Clear Stan Shadick 1383606249
HAT-P-16 ETD37 Clear Paul Benni 1383673356
HAT-P-16 ETD38 Clear Anthony Ayiomamitis 1383875650
HAT-P-16 ETD39 R Francesco Scaggiante, Danilo Zardin 1386236706
HAT-P-16 ETD45 Clear Luca Rizzuti 1440519027
HAT-P-16 ETD46 Clear David Molina 1446965044
HAT-P-16 ETD47 R Fran Campos 1448107877
HAT-P-16 ETDS5 Clear Martin Vrast’ak 1285498403
HAT-P-16 ETD57 R Ramon Naves 1473584609
HAT-P-16 ETD59 Clear Trnka J. 1477940875
HAT-P-16 ETD6 Clear J. Vilagi, S. Gajdo§ 1288224520
HAT-P-16 ETD60 Clear David Molina 1479143435
HAT-P-16 ETD61 1 Kevin B. Alton 1507651821
HAT-P-16 ETD63 R Veli-Pekka Hentunen 1534770239
HAT-P-16 ETD64 Clear Anael Wunsche 1537205125
HAT-P-16 ETD65 R Josep Gaitan 1545555524
HAT-P-16 ETD69 Vv Yves Jongen 1567852468
HAT-P-16 ETD70 R Francesco Scaggiante, Danilo Zardin 1569339710
HAT-P-16 ETD70 R Marco Fiaschi 1569339710
HAT-P-16 ETD7 1 Stan Shadick 1286159180
HAT-P-16 ETD72 |4 Mario Morales 1571209785
HAT-P-16 ETD73 Vv Truman State Observer 1583901308
HAT-P-16 ETD76 Clear Anael Wunsche 1596031262
HAT-P-16 ETD78 R Yves Jongen 1599988642
HAT-P-16 ETD79 R Yves Jongen 1602144863
HAT-P-16 ETD80 Vv Snaevarr Gudmundsson 1605914982
HAT-P-16 ETD9 Clear Stan Shadick 1288134822
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2494  S. Yalcinkaya et al.

Table B1 - continued

System ETD number Filter Observer TRESCA protocol number
HAT-P-22 ETDS53 B Yves Jongen 1550908562
HAT-P-22 ETDS55 R Josep Gaitan 1552034513
HAT-P-22 ETD68 R Manfred Raetz 1586181879
HAT-P-22 ETD78 1 Manfred Raetz 1614798234
HAT-P-22 ETD79 Clear Matthieu Bachschmidt 1617521673
HAT-P-30 ETD14 Clear Stan Shadick 1331321038
HAT-P-30 ETDI15 1 Stan Shadick 1333050479
HAT-P-30 ETD16 Clear Juanjo Gonzalez 1329671594
HAT-P-30 ETDI18 R Stan Shadick 1331919572
HAT-P-30 ETD22 Clear Stan Shadick 1358100549
HAT-P-30 ETD26 1 Giuseppe Marino 1392576172
HAT-P-30 ETD30 R Andre Christophe, Clement Jacques 1420878866
HAT-P-30 ETD30 R Nougayrede Jean-Philippe 1420878866
HAT-P-30 ETD32 R Marc Bretton 1425771388
HAT-P-30 ETD33 Clear Martin Zibar 1425774283
HAT-P-30 ETD39 R Francesco Scaggiante, Danilo Zardin 1516875191
HAT-P-30 ETD41 Clear Marc Bretton 1519263504
HAT-P-30 ETD47 \%4 Yves Jongen 1580746869
HAT-P-30 ETD51 Clear Marc Bretton 1586081207
HAT-P-30 ETD52 R Yves Jongen 1607422166
HAT-P-30 ETD53 R Jean-Claude Mario 1607859317
HAT-P-30 ETDS55 R Yves Jongen 1612549479
HAT-P-30 ETD56 R Yves Jongen 1612791934
HAT-P-30 ETDS58 R Josep Gaitan 1613042887
HAT-P-30 ETD59 R Anael Wunsche 1613037601
HAT-P-53 ETDl11 R P. Farissier, S. Combe, L. Bret-Morel 1463150362
HAT-P-53 ETDI11 R C. Gillier, R. Montaigut 1463150362
HAT-P-53 ETDI18 Clear Marc Bretton 1480634960
HAT-P-53 ETD4 Clear Marc Bretton 1440128332
HAT-P-53 ETD43 Clear Marc Deldem 1600626997
HAT-P-53 ETD45 Clear Yves Jongen 1599293169
HAT-P-53 ETD48 Clear Manfred Raetz 1605559616
HAT-P-53 ETD50 R Jordi Lopesino 1609010356
KELT-3 ETD2 R Ramon Naves 1357282983
KELT-3 ETD20 \%4 Marc Bretton 1428978215
KELT-3 ETD24 Clear David Molina, Antoni Vives Sureda 1461153031
KELT-3 ETD29 R Josep Gaitan 1553504934
KELT-3 ETD3 Clear Anthony Ayiomamitis 1362940487
KELT-3 ETD6 Clear Paul Benni 1387025732
KELT-3 ETD9 Clear Gustavo Javier, Muler Schteinman 1393492000
QATAR-2 ETDI19 Clear Nico Montigiani, Massimiliano Mannucci 1335686620
QATAR-2 ETD30 Clear C. Colazo, R. Melia, N. Marcionni 1369893611
QATAR-2 ETD37 Clear Thomas Sauer 1403609906
QATAR-2 ETD70 Clear Yves Jongen 1581427637
QATAR-2 ETD83 Clear Yves Jongen 1591620453
QATAR-2 ETD87 Clear Yves Jongen 1618771546
QATAR-2 ETD90 Clear Yves Jongen 1619795469
WASP-8 ETD2 R Yves Jongen 1605261835
WASP-44 ETDI12 Clear Bernasconi Laurent 1477991767
WASP-44 ETDI18 IR-UV Yves Jongen 1538296133
WASP-44 ETD2 Clear Phil Evans 1315683470
‘WASP-44 ETD20 Clear Laloum Didier 1569947071
WASP-44 ETD22 IR-UV Yves Jongen 1594936390
WASP-44 ETD23 R Yves Jongen 1596286136
WASP-44 ETD25 Clear Yves Jongen 1626442442
WASP-44 ETD26 \%4 Anael Wunsche 1626433743
WASP-44 ETD27 Clear Yves Jongen 1627914023
WASP-44 ETD4 Clear FrantiSek Lomoz 1316937777
WASP-44 ETDS5 R Thomas Sauer 1342738906
‘WASP-44 ETD6 Clear Phil Evans 1380404329
WASP-44 ETD7 Clear Rene Roy 1386089485
WASP-50 ETD11 Vv Christopher Allen 1354306402
‘WASP-50 ETDI16 |4 Vanessa Logan, Karen Lewis 1392655969
WASP-50 ETDI18 Clear Esseiva Nicolas 1384452957
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Table B1 - continued

TTV analyses of 16 systems 2495

System ETD number Filter Observer TRESCA protocol number
WASP-50 ETD29 Vv Andrew Stewart 1494365750
WASP-50 ETD3 Clear Fernando Tifner 1320032307
WASP-50 ETD33 R Tianyu Ma 1479154021
WASP-50 ETD36 Clear Bernasconi Laurent 1478164712
WASP-50 ETD37 R Christoper Michael 1481483736
WASP-50 ETD4 Clear Parijat Singh 1323109321
WASP-50 ETD44 Clear C. Colazo, R. Melia, M. Starck 1514898205
WASP-50 ETD45 R Marc Bretton 1542158605
WASP-50 ETDS55 Vv Yves Jongen 1575812213
WASP-50 ETD56 \%4 Yves Jongen 1579635308
WASP-50 ETD57 R Yves Jongen 1601116953
WASP-50 ETD58 R Yves Jongen 1601412777
WASP-50 ETD59 R Yves Jongen 1601502007
WASP-50 ETD6 \% Nicole Makely, Melissa Hutcheson 1340302725
WASP-50 ETD60 R Yves Jongen 1605913925
WASP-50 ETD63 Clear Esseiva nicolas 1606397868
WASP-77 ETD1 Clear Juanjo Gonzalez 1376989484
WASP-77 ETDI16 Clear David Molina 1475258342
WASP-77 ETDI18 1 Phil Evans 1478155148
WASP-77 ETD2 Clear Paul Benni 1383268828
WASP-77 ETD22 R Josep Gaitan 1481360368
WASP-77 ETD23 Clear S. Gajdog, J. Subjak 1488671491
WASP-77 ETD24 \%4 Napoleao T., Silva S., Kulh D. 1539901020
WASP-77 ETD27 R Pavel Pintr 1578518743
WASP-77 ETD28 R Yves Jongen 1596751821
WASP-77 ETD29 R Yves Jongen 1602265968
WASP-77 ETD3 Clear Paul Benni 1385854480
WASP-77 ETD30 R Yves Jongen 1602850422
WASP-77 ETD6 Vv Ferran Grau Horta 1386541771
WASP-93 ETD21 R Mark Salisbury 1509911995
WASP-93 ETD42 | Yves Jongen 1569913117
WASP-93 ETD49 R Josep Gaitan 1601800673
WASP-93 ETDS8 R Mark Salisbury 1475784797
WASP-93 ETD9 Clear Marc Deldem 1475523697
XO0-2 ETD71 R Ramon Naves 1295965000
X0-2 ETD77 R Thomas Sauer 1300726462
XO0-2 ETDI110 R Jacques Michelet 1364137719
X0-2 ETDI124 Clear Martin Zibar 1429649013
X0O-2 ETD132 Clear Trnka J. 1483125364
X0-2 ETD133 R Wonseok Kang 1484831673
X0-2 ETD142 Clear Stan Shadick 1522015555
X0-2 ETD143 1 Marc Bretton 1523058603
X0O-2 ETD154 Clear Joe Garlitz 1552959381
X0-2 ETD170 Clear Manfred Raetz 1585437743
XO0-2 ETD172 R Manfred Raetz 1586597501

APPENDIX C: LIST OF INFORMATION ABOUT
LIGHT CURVES ANALYSED IN THIS STUDY

systems within this study can be found in online material of the

journal with a read-me file describing the columns.

We present the detailed information about the light curves analysed
in this study in Table C1 for GJ 1214 system. Same table for other
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