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Makale Tarihgesi Abstract — We derived minima times from the transit light curves of Kepler-412, Kepler-422, Kepler-427 and Kep-
Génderim:  14.11.2022 ler-435 observed by Kepler space telescope, using Kwee and van Woerden method and Gauss function fitting. All

data were collected from NASA Exoplanet Archive in PDCSAP format with the wget command directly from oper-
Kabul: 27.04.2023 ating system console. Minima times were determined with two different methods; the first one is AVE software
Yayin: 20.09.2023 which uses Kwee and van Woerden method and second, Gauss function is written in R statistical programming

platform. We examined the Observed minus Calculated (O-C) diagram of each system separately, modelled them
with linear and quadratic functions. We obtained that linear models give best fits for the O-C diagrams. Parameter
uncertainties were estimated by using the Maximum Likelihood method. We calculated dominant frequencies without
any statistical significance on Lomb-Scargle periodograms limited by Nyquist frequency window, as implied by the
false alarm probability, FAP of each object. We extracted the noise and considered them as a scale of the measurement
uncertainties. We presented updated light elements of systems and concluded that linear models of O-C diagrams are
the best fits to the data.

Arastirma Makalesi

Anahtar Kelimeler — Kepler-412, Kepler-422, Kepler-427, Kepler-435, mid-transit time variation of exoplanets

1. Introduction

Transit timing variation (or variation of mid-transit times) analysis is one of the best ways to discover
additional orbiting planet or planets in a star-planet system. The analysis itself is well known, from historical
O-C studies which are very successful in revealing the mechanisms, such as light-time effect, orbital decay or
growth and magnetic activities from eclipsing binary stars. In this respect, it still attracts attention to answer
these important questions in this field.

Kepler provides very precise data which spans four-year of observational period enabling to reveal long-term
behaviors of thousands and thousands of objects. We selected four objects, Kepler-412, Kepler-422, Kepler-
427 and Kepler-435, which have precise photometric data with some potential to display periodical variations
in the mid-transit times. Anyone can reach the data presented as PDCSAP transit light curves (see Section 2.1
for technical details) on NASA Exoplanet Archive (NEA). Various methods can be used for measuring the
transit times and their uncertainties, with bundled website applications of NEA or on the data downloaded. We
chose Kwee and van Woerden (1956) and Gauss fitting methods to derive them by retrieving the data and
analyze the potential variations in the observed-calculated (O-C) mid-transit times of each system by fitting
linear, parabolic functions and applying Lomb-Scargle frequency analysis (Scargle, 1982; Lomb, 1976)
separately. Statistical significance of the results was checked in detail with various methods explained in
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Section 2. We applied likelihood methods for the error estimations. All calculations were made on our personal
computers (PCs).

Our paper is organized as follows: In Section 2, we present the properties of the systems considered in this
study. Information on the collected observational data, methods we applied, their frequency analysis and error
estimations were given. Section 3 describes our findings about the variations of the mid-transit times and
summarizes our work by discussing the properties of the planets we studied. Discussions on the best model
representations of the O-C diagrams for each system were presented in the final section.

2. Materials and Methods

As is well known, star-star or star-planet systems have a periodical motion around the common center of
mass of the orbit. If the planet should pass in front of the host star in the line of sight of the observer in the
limit of the orbital inclination; we should observe the transits. Therefore, we can discuss changes in the flux
with time due to transit events. When the light is dimming; we observe a continuous drop in the flux, and it
has a minimum on this curve. We call this curve as ‘transit light curve’ and the time that coincides with the
middle point of this curve is called as the ‘mid-transit time’.

We measured the mid-transit times with various methods and calculated them with respect to a reference mid-
transit time and orbital period. These observed versus calculated data (O-C) were listed to make a time series
to determine periodical changes in the orbital motion.

Where the data is more precise, we investigate more accurate period in particularly derived values from the
orbital solution. These estimated two parameters, new period, and mid-transit time for one planet, are known
as ‘light elements’ of the system. As we summarized in the last section, despite the expectations, we have not
found any evidence about any additional or perturbating planets in the systems we study.

2.1. Observational Data

First studies on orbital solutions of the exoplanets began with ground-based observations, many
observational data were collected by many observational projects. One of the first projects, The Transatlantic
Exoplanet Survey - TrES (Rabus et al., 2009; Gibson, 2009) can be given as an example for ground-based
observations. When we start to discuss space-based observations, we should mention about Ford et al. 2012;
Mazeh et al., 2013; Rowe et al., 2014; Holczer et al., 2016; Thompson et al., 2018 and Kane et al., 2019 which
are important studies, on especially, the NASA’s Kepler Space Telescope.

Kepler was fully operational between 2009 and 2013 (launched at the beginning of the year, 2009, 6" March).
First images were taken in May 2009 by Kepler’s 42 chips integrated high-quality camera (Borucki et al.,
2010). After 4-year long observational period, 4424 exoplanetary systems were discovered at the date,
2021/07/17.

We worked on the tables from the Objects of Interest (KOI) Cumulative List to get Presearch-data-conditioned
Simple Aperture Photometry (PDCSAP) Time Series using visualizer module on Exoplanet Archive (NEA) as
seen on Figure 1.
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——— TIWE [BAD-2454657)

Figure 1. NASA Exoplanet Archive main page and search box (upper panel) and graphical data panel of the
object, Kepler-412 (lower panel).

The data was retrieved in the text format with wget commands (Foundation, F. S., 2010) provided directly
from operating system console. We created their light curves on our PCs with some programming scripts which
were written in R statistical programming language (R Core Team, 2021). The retrieved text files include three
columns: time (BJD), flux (PDCSAP_Flux) and its error. There are two different types of data classified
according to the exposure time. These data types are “long cadence” (LC: 30 minutes integration time) and
“short cadence” (SC: 59.8 seconds integration time). In this study, we preferred to use the data from the
guarters, for which SC data is available, by applying a normalization process to correct the light level of each
quarter separately. This choice of SC data decreased the number of points significantly but improved the
accuracy and precision because the mid-transit times from LC data will not be adequate for the purpose.

We selected four objects, Kepler-412, Kepler-422, Kepler-427 and Kepler-435 from NEA database after a
search for good quality data in a buck of objects listed as less investigated.

2.2. Mid-Transit Timing Measurements

There are many different methods to measure mid-transit times from a light curve. We select Kwee and van
Woerden (1956) method, which measurements were done by a very user-friendly software AVE (Analysis of
Estellar Variablity; Barbera, 1996) developed by Grup d’Estudis Astonomics in Spain while the other methods
are still useful such as Gauss-function fitting, polynomial, Fourier and cubic-spline fitting, etc. Successively,
we continue to use AVE; however, we considered Gauss function fitting as a second approach by using an R
script code we developed. We may also mention about the other plot reader software packages used in the
field, such as Minima25 (Nelson, 2018), Cepheus-1 (Suhora Observatory, 2018) and Peranso 2 (Vanmunster,
2007). Users can also employ sophisticated modeling software’s such as EXOFAST (Eastman et al., 2013),
JKTeBOP (Southworth et al., 2008), Juliet (Espinoza et al., 2019), Allestitter (Glinther and Daylan, 2022),
which provide the mid-transit times as well.

AVE is basically a plotting software which uses a graphical interface to measure the minima times on the plot,
loaded in text only formatted data files. The program has an ability, limiting the transit curve to detect the
minimum precisely by selected end points of the profile with mouse clicks. AVE makes its profile minimum
measurements based on Kwee-van Woerden method. The method can only predict the mid-transit time while
the given data is symmetrically and evenly distributed. In this respect, a user will follow this algorithm for
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AVE, step by step: 1) The researcher will select an interval using the graphical user interface (GUI) to begin
fitting a quadratic equation to the distribution. 2) Software will measure the peak of the hill which shows the
minimum of the parabola at the given interval (Kwee - van Woerden method). 3) The given result will be
recorded with the errors derived from its simple, geometric technique based on folding a symmetric profile.

Prefered second fitting method is Gauss function, are given by Eq 2.1,

—(t-pw)*
g(t) = de 20° (2.1)

where t is time, A is amplitude, o is width of the Gauss curve and 4 is defined as mid-transit time. The errors
estimated here were given by standard deviation (von Essen et al. 2020).

2.3. O-C Diagram and Lomb-Scargle Frequency Analysis

Lomb-Scargle periodograms are evaluated to investigate if there is a dominant periodical variation in
nonuniformly distributed O-C diagrams (Lomb 1976, Scargle 1982). The standard periodogram equation (Eqg.
2.2) is given by Scargle (1982), describes providing power for each frequency, to extract time shift of z,
predicted from modulation curves of orthogonal sine-cosine functions which include selected time samples ti.
Afterall, we can write the equation of power, P as a function of the independent parameter, angular frequency
o,

1([Z;X; cos(t; — T)]2 [[Zij sin(t; — T)]Z]
P, =_ . 2.2
(@) 2( [ cos?(t; — )] * [X;sin?(t; — 1)] 22)
where the time delay, z
_ Yjsin 2wt;
tan2wt = m (23)

The periodical oscillation (Eq 2.3), w of each frequency is a parameter of classical wave function (Eq 2.4),

@(t) = Asinwt + B cos wt (2.4)

Hereafter, the limit of the frequency window will be dependent on the Nyquist frequency, fyyquist = 1/2U
where v is mean frequency.

We can determine the dominant frequencies of each two objects together with their false alarm probabilities
(FAP) using Eq 2.5 (Horne and Baliunas, 1986). In this approach, we calculate the noise with Eq 2.6,

P={Z>z}=1-FE(2)=1-[1-exp(—-D)"][Z = maks,P(w,)] (2.5)

where N is random selection in independent frequency number, P(w) and z is the power of the frequency,

N; = —6,392 + 1,193N, + 0,00098N,* (2.6)
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The amplitude of the oscillation (Ao-c)) and the epoch (E(o-c)) are calculated by selected dominant frequencies.
In this respect, to derive these frequencies from resonance periods (fo-c)), we need to model sinusoidal
oscillation with nonlinear least square analysis methods (with a package of R statistical library called as NLS:
Douglas and Saikat, 2022),

. E —Eo-c
Tmia—transit = To + P X E + A(O—C) sin ZHT (27)

The resonances of the sinusoidal oscillation that we want to find, in other words, variation of the amplitude
and the phase of the orbital solution are related to the perturbation, due to the third body and the orbital
eccentricity (Lithwick et. al, 2012; Maciejewski et al., 2011; Fukui et al., 2011; Mazeh et al, 2013).

Since we have not probed a statistically significant peak during the frequency analysis, we excluded the
sinusoidal variation, and continued with fitting 1% and 2" degree functions to the O-C diagrams (given by
Eq.2.13 and Eq.2.14).

2.4. Error Estimation with Maximum Likelihood method

The formal fitting errors of the transit times can be underestimated with respect to the expected while there
are still additional observational and instrumental noise. In this situation we arguably consider the red noise
(jitter) and its effect on the observations systematically (Pont et al., 2006, Winn, 2008, Petrucci et al. 2015).
When the errors are underestimated, the problem should be solved by isolating red noise (si) from each
observational mid-transit times error estimation (oi):

1
W =——7
2 2
of + s}

(2.8)

where the terms w; are the weighted errors in the given (Eq 2.8). To obtain additional variance, s? of each
value of residuals, we will use Maximum Likelihood Method — MLM method, suggested by Collier Cameron
et al. (2006) and Haywood et al. (2016) and we will get a probability function (Eg. 2.9) for the O-C dataset:

N
- 1 1
In(L) = Tnln(Zn) - SxP - EZ In(o? + s7) (2.9)
where »2 (chi-squared) is defined as (Eq 2.10),

(YO,i - yC,i)Z

2
X =
of +s?

i

(2.10)

where yo, and y., are the observational and modelled O-C values. To obtain the values of maximum probability,
we have to derivate the In (L) equation (Eq 2.9) respect to s; until its limit converges to zero (Eq 2.11).

aln(L) 1 Do = Ve
n :zsi<z )_0 211)

2 2 2 2
- of + 5} - of + 5}

Each equation was solved to obtain additional variance values (si)?:
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1 o = Ye)®
Zaiz + s? B i [6? + 5?12 0 (212)

Errors estimated from the linear (Eq 2.13) and quadratic equations (Eq 2.14) which are given for the O-C as

Tmid—transit = TO +PXE (213)

Tia—transic = To + P X E + ¢ X E? (214)

where To, P, E and c, respectively, are the reference mid-transit time, orbital period, epoch number (or phase)
and the second-degree constant, c gives the rate of the secular change in the orbital period.

We used Akaike Information Criterion (AIC, Akaike 1974, Eg. 2.15) and Bayesian Information Criterion (BIC,
Schwarz 1978, Eq 2.16) to decide which model and measurement technique are the best:

AIC = —-2InL + 2k (2.15)
BIC = =2InL + kIn(N) (2.16)

where the constant K is the estimated parameter number and N is total number of the mid-transit times.

Using the equations 2.13 and 2.14 and two-measurements methodologies explained after them; we updated the
linear ephemeris of the studied systems. When we discuss information criteria (ICs) obtained in this study: we
interpret the results in two different ways. Comparing AIC and BIC values of the models provide information
on which of the linear and quadratic models should be favored. We also check the significance of the second-
degree constant, o obtained from quadratic models as another confidence test. c is the coefficient of the
quadratic term and gives the rate of secular change in the orbital period (Oztiirk ve Erdem, 2019).

3. Results and Discussion

In this study, we obtained transit light curves of Kepler-412, Kepler-422, Kepler-427 and Kepler-435 from
the Kepler Exoplanet Data Archive. The minimum times were determined by two different methods. First,
based on Kwee and van Woerden; by making use of the AVE software. Second by Gauss function-fitting in
R. To get an orbital solution in our study, we applied linear (Eg. 2.13) and quadratic equations (Eq. 2.14) to
the O-C. We didn’t consider sinusoidal modelling, because there were no statistically significant peaks in our
periodograms, according to frequency analysis. Consequently, we obtained the following results presented in
the subsections of this section for each individual system we studied.

3.1.Kepler-412 b

Kepler-412 is a solar analogue (5750 K) star which has a mass of Mx = 1.167 Mo and a radius of

Rx= 1.287 Ro. The measured orbital period of P = 1.720861232 + 4.7x10® days and its planet has a mass of
Mg = 0.94 M; and a radius of Rg= 1.34 R; (Deleuil ve ark., 2014).

Linear and quadratic models for the O-C diagram are plotted in Figures 2 and 3, the mid-transit times derived
with Kwee - van Woerden and Gaussian fitting are given with their uncertainties in Table 1. We describe the
terms of each column given Table 1, reference mid-transit time (To), period (P), second-degree constant (c)
and their significances, respectively. In the last column, we provide two statistics we used for model
comparison, which are the values of Akaike Information and Bayesian Information Criteria (AIC and BIC).
The results of the frequency analysis are given with the Figure 4.
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Second-degree constanst of the quadratic model is 5 ¢ out of the significance levels of both for Kwee-van

Woerden and Gauss fitting, therefore they were not found to be statistically significant.

Table 1

Best fitting MLM parameters of Kepler-412 b. The coefficients of the model parameters are given in each
column: updated reference mid-transit time (To), period (P), second-degree constant (c) and their significances,
respectively. The last column shows two indicators for model comparison which are Akaike and Bayesian

Information Criteria (AIC and BIC).

Model To P c Significance of ¢ AIC/BIC
(BJDps — 2458833) (days) (days x 1079) (0)
Kwee and van Woerden (1956)
Lineer Model 520.21468 (5) 1.7208593 (8) -641.61/-641.35
Quadratic Model 520.21488 (66) 1.720858 (7) 3.35 (15.02) 0.223 -631.77/-631.38
Gauss Fit
Lineer Model 520.21475 (5) 1.7208595 (7) -690.86/-690.58
Quadratic Model 520.21468 (66) 1.720862 (7) -4.25 (15.13) 0.281 -684.59/-684.18
c: quadratic term.
= Replerd
£ 00 .
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Figure 2. O-C diagram derived from the mid-transit times of Kepler-412 b (black data points with the error
bars) calculated by using the Kwee and van Woerden method (a) O-C diagram without the linear fit with MLM
method (b) O-C diagram and the linear model obtained with the MLM method (red dots) (c) Residuals of the

linear model.
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Figure 3. O-C diagram and results of the Gauss fit (for detailed information, please check the Fig.2).
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Figure 4. Lomb-Scargle (L-S) periodograms of the O-C data evaluated here, output from (a) AVE (b) Gauss
fitting method.

3.2.Kepler-422 b

Kepler-422 has a mass of Mx = 1.150 Mo and a radius of Rx=1.240 Ro. It’s measured temperature is 5972
K. The masses and radii of its planet derived by Endl et al. (2014) are My = 0.43 M; and radius of Rg= 1.15 R..
They observed the planet is orbiting with a period of P = 7.8914483 + 5x107 days.

Linear and quadratic models for the O-C diagram are plotted in Figures 5 and 6, for the mid-transit times
derived with Kwee - van Woerden and Gaussian fitting, respectively and their results are given in Table 2. We
describe the terms of each column given Table 2, reference transit time (To), period (P), second-degree constant
(c) and their significances, respectively. In the last column, we provide two statistics we used for model
comparison, which are the values of Akaike Information and Bayesian Information Criteria (AIC and BIC).

The results of the frequency analysis are given with the Figure 7.

Second-degree constant of the quadratic model was found to be in 1 o for Kwee-van Woerden fitting, which
is significant for Kwee-van Woerden fitting. However ¢ was measured is almost 9 ¢ which is out of the

significance levels for Gauss fitting.
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Table 2
Best fitting MLM parameters of the Kepler-422b.
Model To P c Significance of ¢ AIC/BIC
(BJD7pe — 2458833) (days) (days x 107) (0)

Kwee and van Woerden (1956)
Lineer Model 745.43433 (4) 7.8914480 (10) -581.64/-581.52
Quadratic Model 745.43441 (6) 7.8914477 (11)  -56.55 (29.29) 1.931 -579.53/-579.35
Gauss Fit
Lineer Model 745.43441 (5) 7.8914494 (11) - -577.54/-577.42
Quadratic Model 745.43442 (7) 7.8914495 (11) -3.34 (30.48) 0.110 -575.53/-575.35

¢: quadratic term constant
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Figure 5. O-C diagram derived from the mid-transit times of Kepler-422 b (black data points with the error
bars) calculated by using the Kwee and van Woerden method (a) O-C diagram without the linear fit with MLM
method (b) O-C diagram and the linear model obtained with the MLM method (red dots) (c) Residuals of the

linear model.
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Figure 6. O-C diagram and results of the Gauss fit (detailed information given by Fig.2).
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Figure 7. Lomb-Scargle (L-S) periodograms of the O-C data evaluated here, output from (a) AVE (b) Gauss
fitting method.

3.3.Kepler-427 b

Kepler-427 has a mass of Mx = 0.96 Mo and a radius of Rx= 1.35 Re. The orbital period is calculated to be
P =10.290994 + 1.1x10°® days of the planet while its measured mass is Mg = 0.29 M; and radius is Rg= 1.23
R; (Hébrard et al., 2014). In some cases, appeared in Kepler-427, the transit depth can change with
degenerations of the planet body reliability (Bierksteker and Schlichting, 2017). In some cases, such as Kepler-
427 b, the transit depth can change due to the degeneration in the derived planet parameters (Bierksteker and
Schlichting, 2017). In such situations, we added an additional error for the transit time measurements as
explained in Section 3.2.

Linear and quadratic models for the O-C diagram are plotted in Figures 8 and 9, for the mid-transit times
derived with Kwee - van Woerden and Gaussian fitting, respectively and their results are given in Table 3. We
describe the terms of each column given Table 3, reference transit time (To), period (P), second-degree constant
(c) and their significances, respectively. In the last column, we provide two statistics we used for model
comparison, which are the values of Akaike Information and Bayesian Information Criteria (AIC and BIC).
The results of the frequency analysis are given with the Figure 10.

Second-degree constant of the quadratic model was found to be in 1 ¢ for Kwee-van Woerden fitting, which
is significant for Kwee-van Woerden fitting. However ¢ was measured is almost 7 ¢ which is out of the
significance levels for Gauss fitting.

Table 3
Best fitting MLM parameters of the Kepler-427b.
Model L P ¢ Signéffif:ance AIC/BIC
(BJDTpB — 2458833) (days) (days x 1079) (0)

Kwee and van Woerden (1956)
Linear Model 528.07955 (9) 10.290997 (9) -108.23/-109.54
Quadratic Model 528.07965 (14) 10.290993 (10)  -1905.12 (1106.13) 1.723 -106.45/-108.43
Gauss Fit
Lineer Model 528.07967 (12) 10.290995 (12) -107.61/-108.93
Quadratic Model 528.07963 (19) 10.290992 (13) 217.33 (1414.96) 0.154 -105.62/-107.59

c: quadratic term.
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T
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Figure 8. O-C diagram derived from the mid-transit times of Kepler-427 b (black data points with the error
bars) calculated by using the Kwee and van Woerden method (a) O-C diagram without the linear fit with MLM
method (b) O-C diagram and the linear model obtained with the MLM method (red dots) (c) Residuals of the
linear model.
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Figure 9. O-C diagram and results of the Gauss fit (detailed information given by Fig.2).
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Figure 10. Lomb-Scargle (L-S) periodograms of the O-C data evaluated here
fitting method.

, output from (a) AVE (b) Gauss

740



Journal of Advanced Research in Natural and Applied Sciences 2023, Vol. 9, Issue 3, Pages: 730-746

3.4.Kepler-435 b

Kepler-435 is a giant with a measured radius of Rx= 3.21 Ro and a mass of M« = 1.54 Mo. The orbital period
is P =8.6001536 + 1.8x10® days. The planet has a mass of My = 0.84 M, and radius of Ry= 1.99 R; were given
by Almenara et al. (2015).

Linear and quadratic models for the O-C diagram are plotted in Figures 11 and 12, for the mid-transit times
derived with Kwee - van Woerden and Gaussian fitting, respectively and their results are given in Table 4.

We describe the terms of each column given Table 4, reference transit time (To), period (P), second-degree
constant (c) and their significances, respectively. In the last column, we provide two statistics we used for
model comparison, which are the values of Akaike Information and Bayesian Information Criteria (AIC and
BIC). The results of the frequency analysis are given with the Figure 13.

Second-degree constant of the quadratic model was measured lower than 16 which is significant for Kwee-van
Woerden and Gauss fitting. However the number of data points is low, so we might be hitting the low number
statistics problem that means, we have not obtained precise model for the quadratic fits.

Table 4
Best fitting MLM parameters of the Kepler-435b.
Model To P ¢ Signéffif:ance AIC/BIC
(BJD1os - 2458833) (days) (days x 107) ()

Kwee and van Woerden (1956)
Linear Model 796.85348 (8) 8.600160 (3) -98.84/-99.97
Quadratic Model 796.85320 (17) 8.600140 (10) 545.15 (257.66) 2.116 -97.01/-98.72
Gauss Fit
Lineer Model 796.85349 (10) 8.600161 (3) -119.63/-120.76
Quadratic Model 796.85336 (21) 8.600152 (13) 382.49 (332.03) 1.152 -117.65/-119.36

c: quadratic term constant

(days

Residuals

Epoch

Figure 11. O-C diagram derived from the mid-transit times of Kepler-435 b (black data points with the error
bars) calculated by using the Kwee and van Woerden method (a) O-C diagram without the linear fit with MLM
method (b) O-C diagram and the linear model obtained with the MLM method (red dots) (c) Residuals of the
linear model.
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Figure 12. O-C diagram and results of the Gauss fit (detailed information given by Fig.2).

Froiean vl ] o e

Figure 13. Lomb-Scargle (L-S) periodograms of the O-C data evaluated here, output from (a) AVE (b) Gauss
fitting method.

The FAPs of the maximum peaks in the power spectra were below the value of 2.5%; which means that we
have no evidence for periodical changes in the O-C diagrams. As a result, we updated the linear ephemeris
from the linear fits of the O-C diagrams (Table 5).

Table 5

Light elements obtained from linear model.

Object To P

Kwee-van Woerden Gauss Model Kwee-van Woerden Gauss Model

Kepler-412b 2459353.21468 (5) 245035321475 (5)  1.7208593 (8) 1.7208595 (7)
Kepler-422 b 2459578.43433 (4) 2459578.43441 (5)  7.8914480 (10) 7.8914494 (11)
Kepler-427 b 2459361.07955 (9) 2459361.07967 (12)  10.290997 (9) 10.290995 (12)
Kepler-435 b 2459629.85340 (8) 2459629.85349 (10) 8.600160 (3) 8.600161 (3)
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4.Conclusion

In this paper, we focused on the results of the (O-C) variation analysis of four Kepler objects’ mid-transit
times. These objects were well studied by Kane et al., 2009; Ford et al., 2012; Mazeh et al., 2013; Rowe et
al.,2014; Holczer et al., 2016 and Thompson et al., 2018 in addition to their discovery papers. We tried to
revise the results of their findings on mid-transit times (see Table 5).

O-C diagrams of Kepler-412b can be seen in Figures 3 and 4 for the mid-transit times derived with KW and
Gaussian fitting, respectively. Our linear and quadratic models were applied to all O-C datasets separately by
using the MLM method. Obtained parameters were presented in Table 1 where we include the second degree
constant, ¢ derived with high errors over 3 os. Figures 6 and 7 show O-C diagrams of Kepler-422 b. For this
planet, we obtained ¢ constant as approximately limits of 1o according to the Kwee and van Woerden method
while its significance is lower than Gauss fitting (Table 2). We present O-C diagrams of Kepler-427 b in the
Figures 9 and 10. For this object, we found c to be consistent with a constant period within 1 ¢ based on our
measurements with the Kwee-van Woerden method, while its significance is found to be even lower based on
the measurements by Gaussian fitting. O-C diagrams of Kepler-435 were given in Figure 12 and 13. We
reached the conclusion that second degree ¢ constant was not determined precisely for all planets. The secular
changes implied by the quadratic fits were not observed within the limits of the uncertainties of the data points
(Table 1-4). Comparing the results between AIC and BIC derived from the MLM analysis, we observed that
the quality of the fitting is high; We also found that measuring the mid-transit times with Kwee-van Woerden
and Gaussian fitting techniques provide similar results.

We concluded that all O-C variations we studied, can be represented with linear models better than quadratic
fits, because the estimated errors are even higher than the values of the quadratic coefficients when we employ
two different statistical tests. Therefore we reject the quadratic models in each case. We also discussed the
measurement quality of our fitting methods: Kwee van Woerden and Gauss function fitting, by comparing
with AIC and BIC values? This was the second condition that why we use the ICs. Our results show that there
is no statistically signicant difference (see Table 5).
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