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Abstract: Measuring the rate of orbital decay of hot Jupiters can be used to determine the rate
of dissipation of orbital oscillations inside the host star. However, currently, WASP-12 is the
only HJ system that has shown concrete proof of orbital decay apart from the effect of other
possible factors producing the changes in transit deviation. This paper presented the newest
analysis of orbital decaying signs in selecting suitable Hot Jupiter systems: WASP-12,
WASP-19, KELT-16, WASP-114, and WASP-4. We perform operations with the newly
obtained TESS data, mostly scanned in 2023. WASP-12b shows consistent orbital decay,
with a rate of —29.95 4+ 1.02 ms yr~'and stellar dissipation rate 2.2 X 10° + 4.9 X
10%, which has been agreed with previous data for over a decade. WASP-19 has no
remarkable indication of orbital decay with a constant transit timing deviation. WASP-4
presented insufficient data with outstanding randomness, disturbing the accuracy and
uncertainty of the overall transit deviation trend. WASP-114 lacks data, producing an
insignificant analysis and needing further observations. KELT-16 depicts the probable trend
of quadratic transit timing deviation with confidence in the accuracy of the resulting statistical
data, though whether the cause of this trend by orbital decay is unresolved. We discovered
the minimum stellar dissipation rate of KELT-16 to be Q* > 357161.91 + 51220.15 with
a 2.50 limit. Further performance on radial velocity and other components is needed.
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Introduction

Many exosolar planets were observed with highly close orbit periods to their host star within days,
but size compared to gas giants, so-called “Hot Jupiters.” The history of these types of planets could
be traced back to the first exoplanet ever discovered near a G-typed, sun-like star, 51 Pegasi [1],
astonishing astronomers at the time with unexpected properties [2]. Nevertheless, HJs are the most
accessible planets to be found using the transiting method because their effect on the loss of flux to
their host star is significant. These exotic exoplanets left doubts about their formation as they
contradicted the protoplanetary disk theory, the mainstream explanation of planetary system
formation.

However, HJs have conditions for observing stellar dissipation. In many short-period planetary
systems, stellar tidal dissipation eventually leads to orbital migration toward its host star [3-6]. First,

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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the planet’s rotational and orbital orbit would be synchronized, leading to a zero obliquity (rotational
and orbital angular momentum vector alignment) orbit. This process would then cause the host star’s
stellar period to be synchronized and drive the stellar obliquity to zero [5]. When the total angular
momentum L is less than a critical value Lc, the planetary orbit would spiral towards the host star,
increasing its rotational energy [3-6]. This process theoretically would lead to the engulfment of the
planet [3,5].

This process of orbital decay is subtle, and the timescale of whether the process would occur under
many circumstances is unknown. Previous studies have addressed stellar age [3,5], magnetic braking
of tidal evolution [7], and orbital properties [8,9] that will play a role in determining orbital decay
signs. Previous works also indicated that the suggestion of orbital decay-like might be an illusion of
the Romer effect causing radial velocity change in planetary systems [10] or apsidal precession in
eccentric orbits (however, eccentric orbits rarely exist among HJs since they are positioned in close
orbit to its host star) Currently, the only HJ that designates clear implications of orbital migration due
to stellar dissipation is WASP-12b [11], where previous studies [12] imported the quadratic trend of
decreasing orbital period. Later, Patra et al. [13] presented more transiting data agreeing with the
quadratic trend but left the doubt that these signs could be caused by apsidal precession. However,
later publications ruled out the possibility of orbital decay suggestions caused by a potential eccentric
orbit [14]. They confirmed quadratic signs were caused by orbital decay with stellar dissipation rate
Q* 1.8*1075 and orbital period decreasing rate 29 2 ms yr-1.[10]

Since the debut of TESS, Researchers have obtained more recent and accurate data than those
observed in ground-based telescopes. By programming with TESS data, we can gain more data to
analyze any possible orbital decay signs and confirm indications of orbital decay with thorough and
conclusive evidence with TESS scanning of sectors 71 and 72.

This paper aims to examine the newest TESS data of WASP-12b to observe whether the transit
time deviation follows the detected appearance of a quadratic trend. Furthermore, we will be
perceiving evidence of other possible candidates of orbital decaying Hot Jupiters for any prominent
indication.

This paper is organized as follows. Section 2 describes the selection of possible candidates for Hot
Jupiters, which we will examine in the following sections. Section 3 provides the technique we used
to determine the acceptance of orbital decay, including any equations and programming skills we
operate to proceed with the observation. Section 4 presents the data from TESS of WASP-12b to
address the known parabolic trend and examine the other four candidates, WASP-4b, 19b, 114b, and
KELT-16b. We will also analyze these data and provide necessary factors such as possible decay and
minimum stellar tidal dissipation rates. Section 5 summarizes our results and gives possible direction
for further research.

2.  Target selection

To search for the newest evidence of orbital decay, we have to choose the Hot Jupiters with as short
periods as possible, so we have targeted five hot Jupiters with orbital periods of around one day,
which is more likely to happen orbital decay since they are near to their host star. The host stars of
hot Jupiters we have chosen are WASP-12, WASP-4, WASP-19, WASP-114, and KELT-16, in which
the WASP-12 had confirmed its orbit is decaying with strong evidence; the rest of the hot Jupiters
still requires further confirmation.

Given that the orbital decay of WASP-12 and its hot Jupiter has already been confirmed, our
primary mission is to utilize recent data from the TESS mission to validate the conclusion further.
However, for the other four hot Jupiters, it is necessary to compare data from previous scholars with
recent TESS observations to get the newest evidence of orbital decay for these four targets.
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3. Method
3.1. Data selection

To get the data that shows strong evidence of orbital decay, we have to choose data across as much
time as possible since data with significant time separation will show more obvious shirking in the
orbital period.

We will introduce the period, time that takes the measurement, and the uncertainty data of 5 hot
Jupiters from papers by other scholars and the recent data from the TESS mission through Lightkurve,
which benefits the comparison between the time scale across tens of years.

3.2. Data processing

The data from the lightkurve of the TESS mission only gives the flux data of the targeting stellar
system, so using the transit method would be efficient to get the orbital number and the time to finish
the orbit. Whenever the hot jupiters finish 1 orbit, there will be a dip shown in the flux data, and this
will be counted in the orbit number and arrayed these data by the time that finished the orbit in BJD.
Since our subject is mainly focused on the newest evidence provided by the TESS mission, we
subtract the time that starts the TESS mission from when it finishes the orbit in BJD and round it to
the nearest integer to get the list of orbit numbers.

By combining the data from previous scholars with the newest observations from the TESS
mission on the timing of orbital periods for the target hot Jupiters, we first fit the data with the linear
best-fit curve, which allows us to get the residuals between the scattered data points and the best-fit
curve, this could be used to prove whether there is a trend of orbital decay over time. Then, the
quadratic best-fit curve is applied to testify whether the precision of equipment causes the data
presence of any outliers to affect the result.

3.3. Calculation
3.3.1. Modified Tidal Quality Factor

The Modified Tidal Quality Factor is an essential factor that tells the shrinking rate of the orbiting
period and the orbit when the orbit is decaying, and the calculation of the change of the orbital period
over time (equation 1) and the Modified Tidal Quality Factor (equation 2) follows the following
formula [15].

T(n)=TO+P*n+§P*P*n2 1)

P27 (M) (a5
Qs = -3 T[(Ms) (Rs) P (2)
The function T (n) (equation 1) describes the change of the period of the targeting planets with a
constant rate, the P (equation 1-2) stands for the change of the orbital period derivative to the time,
the P is the period of the targeting hot Jupiter.
The Mp/Ms is the mass ratio between the star and the planet, and the a/R;s is the ratio between the

semi-major axis and the stellar radius. If the orbits of hot Jupiter are shrinking, the theoretical value
of the tidal decay factor is supposed to be near the value of 10°.
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3.3.2.Chi-Square and Degree of Freedom

Introducing the statistics method of Chi-Square could be used in the quadratic best-fit curve to
examine the precision and validity of the data from the other scholars and the TESS mission; the
calculation of theoretically Chi-Square follows the following formula (equation 3).
2 o (0i—E;\?
Xe=X (T) 3)

The X2 stands for the Chi-Square, the 0; is the observed values, the E; is the calculated values by
the best-fit curve, and the o; is the uncertainties from the observation.

Moreover, the statistics term Degree of Freedom is the extent of freely selecting data when fitting
the model, so when fitting the quadratic best-fit curve, the degree of freedom is the amount of data
minus the number of parameters, which is 2.

Comparing the value of the Chi-Square and the Degree of Freedom under a quadratic best-fit curve
can show whether the model fits well or not; if two values are close or equal, then it can tell the data
from other scholars and TESS mission has quadratic decreasing trends, which means the orbital
period is decaying. For all of the targeting hot Jupiters, we processed the outliers in data and ensured
the chi-square and degree of freedom values were close.

4.  Observations and data analysis
4.1. WASP-12b
4.1.1.WASP-12b data analysis

WASP-12b isa 1.4 to 1.5 Jupiter mass planet with a 1.09-day orbit around its host star that is believed
to be a late-F, main sequence star. WASP-12b was discovered in 2008 using transiting and Doppler
radial velocity method [11]. The previous analysis of WASP-12b indicated its parabolic-shaped
transit time deviation [13]. The possibility of it being caused by potential apsidal precession was
mentioned in earlier research and was ruled out along with the Romer effect [10,13]. Researchers
concluded that WASP-12b is the first extrasolar planet that has shown clear signs of orbital decay by
stellar dissipation with a decay rate of 2942 ms yr ~'and a stellar tidal quality factor of 1.8 x 10°[10].
We have looked at the newest TESS data in sectors 71 and 72 and used the 120-second cadence by
SPOC to annotate the transit deviation. Figure 1 shows how we selected and folded transits for better
precision. However, during the transit and orbit time programming, we found some of the selected
transits incomplete, probably due to the blockage when TESS completes an orbit and sends data back
using its antenna. We eliminate the individually printed unfavorable transits and graph the transit
timing deviation to resolve the contamination of these incomplete data. Figure 2 shows the individual
transit against the orbit number with complete data and the best-fit function obtained by inputting
sources ([16.17]) to the minimizer. We then depict the transit deviation, which we dedicate to
measuring and obtaining through multiple orbital periods in a sector with one scanning performance
in Figure 3. Apart from the new sector data, we examine the other four transits from TESS scanned
in 2019 and 2021. We added 6 TESS data with the previous observation [18]. Figure 4 is the total
combination of past and new TESS data we obtained. The result shows that the newly obtained TESS
data did not contradict the overall parabolic trend and followed a decreasing pattern. We then

calculated the orbital decay rate %:

—29.95 + 1.02 ms yr~t

and the relative dimensionless stellar dissipation Q*:
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~2.2%x10° + 4.9 x 10*

We also calculated the precise orbital period with our newest data to be 1.09141942 +2.7 X
10~8)days. The generated model is considerable and accurate, with a chi-squared of 316.0 + 22.8,
approaches the number of degrees of freedom 260.0.

4.1.2.\WASP-12b observations
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Figure 1: The transit light curve of WASP-12b of TESS sector 72, the newest data measured in 2023.
Specific dips in flux were distinguished, representing individual transits
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Figure 2: We created a best-fit line for each transit using a minimizer, and we used data from the
NASA Exoplanet Archive for needed parameters [16,17]. We then plotted the residual flux against
the flux to observe if the orbit data was valid. The figure above only displays four orbital data sets
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Figure 3: The transit time deviation of WASP-12b for TESS data sector 72. We compiled the transit
time and created a best-fit linear function against the orbit time. We then plotted the transit time
deviation for sector 72 data
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Figure 4: The complete analysis of WASP-12b available transit time data. Data points marked blue
were past data organized by ([18] and all credits on the contribution of data of WASP-12). Data
marked red were past TESS data that we re-analyzed (TESS, author SPOC data of sectors 20, 43, 44,
and 45, with an exposure time of 2 minutes). Data marked green were new TESS data observed in
2023 (author SPOC observed sectors 71 and 72 with 2-minute exposure time)
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4.2. WASP-114

WASP-114, located in the constellation Puppis, is an F-type star with a mass approximately 1.29
times that of the Sun. This star is slightly more luminous than our Sun and has been estimated to be
around 2.5 billion years old. The star hosts an exoplanet named WASP-114b, classified as a Hot
Jupiter. According to the NASA Exoplanet Archive, this planet orbits WASP-114 at a close distance
and completes one full orbit in about 1.55 days. [19,20]
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Figure 5: To analyze the characteristics of this exoplanet, especially any orbital decay, we chose to
use data from the TESS sector 55, done in 2022. This specific sector was selected due to its medium
exposure time of 600, which provided a balance between data quality and the duration of observation,
making it an accessible choice for our study. The data processed by the TESS SPOC presented a flux
vs time diagram for WASP114
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Figure 6: Our analysis combined all available flux curves to create a conclusive picture of WASP114b
transits across its host star. We could identify the transit times of WASP-114b by this simple image.
The image created from this analysis shows all the transits detected within the dataset. The evidence
remains to be seen for the transit deviation image we created using the same model, as there still
needs to be more data to draw a clear diagram to illustrate whether WASP114b is decaying. However,
it is still essential to know that the results have limitations due to the relative shortage of data from
this TESS sector

4.3. WASP-4

WASP4 is a G-type main-sequence star with a mass approximately 1.18 times that of the Sun and a
radius of about 1.12 times that of the Sun. The star is located in the Phoenix constellation and is
remarkable for hosting the exoplanet WASP-4b, a hot Jupiter. [20,22]
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Figure 7: There is a significant number of WASP4 detection and data, so it becomes pretty
unnecessary to show all the data graphs in the essay. For our study, we chose to get data from the
TESS mission. By combining all of the data from the TESS mission into a single diagram, we can
more clearly see the transits and analyze the orbital parameters for WASP4b. After processing and
analyzing the data, we tried to fit the transit curves into a model that accounts for various factors,
such as the planet's orbital period, the size of the star, and so on. The result of this fitting process is a
graph that shows the best fit to the observed transit data. However, it is important to know that while
the fit is statistically acceptable, there are still uncertainties and errors in the analysis. The data from
TESS can still bring mistakes and errors due to factors such as noise and atmospheric disturbance
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44. KELT-16b

4.4.1. KELT-16b observations

The KELT-16 is an F-type star, a type of main sequence star. The name Hot Jupiter we are searching
for is KELT-16b, and its orbital period is about 0.969 days. Hot Jupiter block partial of its light lasts
around 2.489 hours [23].

The following data were collected by the TESS mission 2022, the newest data about the flux of
KELT-16. The 55 sector contains KELT-16 data when TESS is working, which has been made with

two diagrams, the relative flux of KELT-16 over time diagram and the diagram of folded relative flux
of KELT-16 by its period (Figure 8-9).
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Figure 8: The relative flux diagram of KELT-16 Data at the sector 55 collected By TESS mission in
2022
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Figure 9: The folded KELT-16 Data at sector 55 was collected by the TESS mission in 2022 during
the repetitive 0.969-day period of the KELT-16b Hot Jupiter

4.4.2. KELT-16b data analysis
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Figure 10: The diagram of all data, including the newest data from TESS and previous scholars about
KELT-16, ordered by the orbit number and the mid-transit time
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Figure 11: The deviation of each scattered data point in units of minutes with a linear best-fit curve;
blue data were from previous scholars, and red data were collected by the TESS mission

The deviation of the scattered data from the linear best-fit curve has a pattern instead of being
randomly distributed around zero, which means there might be a decrease in the gradient, which the
period as time passes. This observation of the pattern proves the orbital decay, since the period of the
hot Jupiter is shrinking, leads to a decrease of the gradient of the line and not as straight as the linear
best-fit curve. Moreover, the change of the orbital period derivative to the time P = —7.32 * 10710 +

1.43 + 10719, which also equal to P = —23.1 + 9.33 ms/year, so the tidal decay factor QS/ =
3.57 = 10> 4+ 1.51 * 10°, which close to the theoretical value around 10°.
The formula of RV (radial velocity) is shown below (equation 4) [12].

. - C
U—P*; (4)

If further considering the radial velocity of the KELT-16b, it is still suspicious that the orbital is
decaying or not since the overall data will still show the same pattern as the orbital decay exists no
matter whether the stellar system is moving toward or away from our sight.

The radial velocity v = —0.226 + 0.044?/day (equation 4). The theoretical change of velocity

over time is similar to the value from paper [23] about KELT-16 the radial velocity; therefore, the
KELT-16 and its hot Jupiter are shifting away from us, and the orbital decay might not cause the
suspicious decaying rate, since these two phenomena will show the same pattern of data, so whether
the orbit of KELT-16b is decaying or not still needs further confirmation.

45. WASP-19Db

WASP-19b was one of the first ultrashort period planets discovered. It is a Hot Jupiter in a 0.78-day
orbit around a G8V star (WASP-19) located in the constellation Cygnus [24]. WASP-19b has one of
the shortest orbital periods for Hot Jupiter, and it has been regarded as a promising target in studying
orbital decay. Planets such as WASP-19b are too close to their host star, susceptible to tidal solid
interactions, or entirely dominated by their host star. [22] Previous studies reported a weak 3o period
decrease detection [18]. At this stage, if WASP-19 is decaying, then it must be slower than WASP-
12b, a Hot Jupiter that had already discovered an orbit decay [13].
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(@) The folded data from the TESS Transit light curve of WASP-19 sector 09, measured in 2019
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WASP-19 entire light curve vs. folded time
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(b) The folded data from the TESS Transit light curve of WASP-19 sector 36, measured in 2021
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(c) The folded data from the TESS Transit light curve of WASP-19 sector 62, measured in 2023
Figure 12: Folded data sets using TESS light curve scanning
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Figure 13: Combined diagram of WASP-19b data, fit to fit linear function best. TESS data sector 09,
sector 36, sector 62, and sector 63 are labeled in red; previous data are labeled in blue
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Figure 14: Transit time deviation of each data arranged from the best fit linear data, TESS data sector
09, sector 36, sector 62, and sector 63 are labeled in red, and previous data are labeled in blue

The data on the stellar and planetary properties of the system are from [25]. This work analyzed
the newest data from the TESS mission (Transiting Exoplanet Survey Satellite). We combined it with
previous data using the database of transit times published by Ivshina & Winn (2022) [15]; with these
data (Figure 13 and Figure 14), we found that if the orbital decay is happening for WASP-19, it is
still undetectable.

Table 1 The form includes data on the period, modified tidal quality factor, and the decay rate of
5 hot Jupiters (using necessary data from exoplanet achieve [16,17,19-23,26]) that were further
researched in this project. Moreover, these factors are essential evidence to prove any possible tidal
decay happening on these hot Jupiters.
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Table 1: Factors for the scanned Hot Jupiters during this observation

Name of Hot )
Jupiter Period , . p
observed (day) Qs (year)

WASP-12b  1.09141942 +0.00000003 21950346 +46949.49  -29.953491 +£1.017937
WASP-4b  1.33823138 +£0.00000003 >34641.47 +9284.02  -9.361020 +1.276553
WASP-19b  0.78883919 +0.00000003 >600787.73 +142737.03 -4.616457 +0.790308
WASP-114b  1.54877953 +£0.00000244 >15266.27 +8315.25 '5915'21933%54764

KELT-16b  0.96899375 £0.00000042 >357161.91 +51220.15 -23.085302 +9.333312

-+

5. Conclusion

Based on the study results and discussion we have made above (see Table 1 for calculated results),
the conclusions are obtained as below:

1. Research and discussions by ourselves proved some orbital decaying events happen on some of
the exoplanets we have discussed, including WASP12 with definite orbital decay evidence and
KELT16 with a small quantity of uncertainty due to a lack of observed data and technical
calculations. The rest of the stars we discussed are considered as only possible, and the rest of our
WASP stars discussed seem to have massive uncertainty because of our technical limits.

2. Most of our data refers to the NASA Exoplanetary Archive. If data in the archive has errors, some
parts of our research can be wrong. However, tiny errors due to force majeure factors such as
atmospheric disturbance have been taken into account by statistic methods, as we proved the errors
of data fit the model created.

3. The research can be better by improving some factors. We recommend that TESS collect more
practical and accurate data for some of our researched targets, which might improve the result,
especially for WASP-114 and KELT-16, which have more uncertainty due to the lack of observed
data.
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