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Abstract: This article synthesizes past and recent articles which study WASP-12b, including
its discovery, refined system parameters, and the mechanisms behind its orbital decay. This
study mainly focuses on the orbital decay, whereas the orbit of WASP-12b is not persistent.
A compilation of more than 15 years of literature on WASP-12b is utilized to extract its
orbital data, revealing that its orbital period is diminishing at a rate of 32.53 milliseconds per
year. The mechanism behind the decay can be traced to the tidal dissipation effects, where
the planet's tidal interaction with its parent star leads to a gradual contraction of the orbit.

Keywords: WASP-12b, literature review, orbital decay, tidal dissipation, exoplanetary
science

1. Introduction

The WASP-12 system, an intriguing extrasolar planetary system, has garnered significant attention
in the field of astronomy due to its basic parameters and characteristics. The system is located in the
constellation Auriga, approximately 1,300 light-years away from Earth 1] or 600 light-years [2],
noting that distance estimates may vary depending on observation methods and data). WASP-12 is a
G-type main-sequence star or subgiant (depending on its specific evolutionary stage classification),
with a visual magnitude of 11.7 [1], a mass ranging from approximately 1.35 to 1.43 times the mass
of the Sun [2,3], and a radius of about 1.56 to 1.6 times the solar radius [3,4]. Nevertheless, through
high-resolution imaging and spectroscopic analysis, researchers have discovered at least two
companion stars, WASP-12B and WASP-12C [5]. These two companions are M-type red dwarfs with
masses of approximately 0.38 and 0.37 times the mass of the Sun, respectively [5], and they are
located relatively far from WASP-12, at distances of about 2,100 AU and 4,300 AU, respectively [5].

WASP-12b, the planet in this system, was first discovered in 2008 by the Wide Angle Search for
Planets (SuperWASP) project [1]. It is a typical hot Jupiter, with a mass of approximately 1.41 times
that of Jupiter [1,2] but an unusually large volume, about 1.79 times the volume of Jupiter [6],
resulting in a lower density that is roughly half of Jupiter's. WASP-12b has an extremely short orbital
period of just 1.09142 days [1], meaning it completes one orbit around WASP-12 at close quarters
almost every day. Furthermore, its orbital semi-major axis is only 0.02294 astronomical units (AU),
which is about 1/44 of the distance from Earth to the Sun [1].

For WASP-12b, there was one interesting phenomenon based on continuous detection and
supervision to the light curve, which was claimed to an orbital period variation. According to recent
research, its orbit is decaying at a rate of approximately 32.53 milliseconds per year, far exceeding
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previous expectations. It is predicted that WASP-12b will ultimately face destruction due to its orbital
decay in approximately 29 million years.

In this article, we draw upon previously published articles concerning WASP-12, focusing
specifically on its periodic characteristics. Our objective is to conduct a statistical analysis and
synthesis of its period, aiming to organize and elucidate the patterns of periodicity observed.
Furthermore, we intend to delve into the underlying mechanisms responsible for these periodic
variations. By referencing established research, we aim to provide a comprehensive understanding of
WASP-12's periodic behavior and contribute to the ongoing discourse in this field.

2.  Past orbital period detections

2.1. L. Hebb et al., 2009[1]

L. Hebb et al. groundbreakingly announced the discovery of the hottest and largest hot Jupiter WASP-
12b that have ever detected using transit method [1]. The study utilized photometric data from the
SuperWASP survey to identify periodic dips in the brightness of the FOV host star, indicating transits
caused by a closely orbiting planet. Subsequent follow-up observations refined the orbital and
physical parameters of the system, establishing a detailed foundation for future research on WASP-
12b. The orbital period of WASP-12b revealed a periodicity of 1.09142+0.000003 days, supported
by a Monte Carlo Markov Chain (MCMC) analysis. This short period signified WASP-12b as one of
the closest-in hot Jupiter known at the time.

Follow-up photometric and spectroscopic campaigns corroborated the transit signal, ruling out
false positives like eclipsing binaries. Spectroscopy from the SOPHIE spectrograph provided radial
velocity data, confirming the planetary nature of the companion and constraining its mass to 1.41 +
0.10 M;. Combining radial velocity and transit data, the study estimated the planet’s semi-major axis

at 0.0229 AU, a critical metric for its intense stellar irradiation and rapid orbital evolution.
2.2. G. Maciejewski et al., 2011, 2013, 2016, 2018, 2020 [4] [7] [8] [9] [10]
2.2.1.2011 Work|[4]

G. Maciejewski et al. did an improvement to the results from Hebb et al.’s work of presenting the
systematic parameters of WASP-12b using MCMC analysis. The authors observed two transits of
WASP-12b in February 2010 using the 2.2-meter telescope at the Calar Alto Observatory. By
employing high-precision photometry, they modeled the light curves with various limb-darkening
laws to refine the parameters of the planetary system. After comparing data, the author found that the
square-root model produced the best fit to their data, offering the lowest residuals and the most
realistic parameter values. Having a long time span of observations, the author redetermined an
improved ephemeris. As a result of fitting a linear function of the epoch and orbital period Py, they
obtained a new orbital period of 1.09142245 + 0.00000033 days and a mid-transit time T, =
2454508.97682 + 0.00020 B/Dypp.

2.2.2.2013 Work|7]

Following a two-year period, the team re-conducted the observation to refresh the data for WASP-
12b. The writers coordinated a campaign across multiple telescopes to monitor transits of WASP-12b,
collecting 61 transit light curves. Through analysis of the best data sets, they refined the parameters,
which align with those reported in previous articles. The residuals from a linear ephemeris indicated
a possible periodic signal, which might be modeled by a sinusoidal function with an amplitude of
0.00068 = 0.00013 days and a period of 500 + 20 orbital cycles of WASP-12b. The combined
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examination of timing data and radial velocity measurements led to an additional planet model, which
better explained the observations compared to single-planet scenarios. The authors hypothesize that
WASP-12 b may not be the only planet in the system and suggest the presence of an additional 0.1
Miup body on a 3.6-day eccentric orbit. Furthermore, the analysis shows that the proposed new system
will remain stable over long timescales.

2.2.3.2016 Work|8]

In their third analysis of WASP-12b, they acquired 31 complete light curves for 29 transits between
November 2012 and February 2016 utilizing seven telescopes. Combining all light curves newly
acquired and former light curves, the authors were able to reevaluate the WASP-12b’s ephemeris,
which turned out to fail to fit with a linear ephemeris rather than a quadratic ephemeris. This indicates
a period change to WASP-12b’s orbital period. Using a quadratic ephemeris function of T,;q = Ty +

P,E + %6 P,E? where E is the transit number from the cycle-zero epoch T, and 8P, isthe change

in the orbital period between succeeding transits. They yielded a result a much better fit with X eq% =

1.03, comparing to a larger departure of X..q®> = 4.01 under a linear ephemeris. Therefore, the
authors reclaimed that WASP-12b might exhibit a period decay, with a rate of change of orbital period
of P, =—2.56 + 0.40 x 1072s/yr. Apart from this conclusion, the authors reevaluated the
systematic parameters of WASP-12b with a period of P, = 1.09142162 + 0.00000021 day and
a mid-transit time T, =2454 508.97696 + 0.00016 BJD7pp.

2.2.4.2018 Work|9]

With a similar technique applied in their 2016 work, G. Maciejewski et al. acquired 22 new high-
quality transit light curves for WASP-12b from 10 different telescopes, which allowed them to refine
the transit parameters with uncertainties comparable to or better than previous studies. The new transit
times follow a quadratic ephemeris very well, indicating an orbital period decay.

With a best-fit model disparity of y,.q? = 0.9,the best-fit model for the orbital period decay rate
is consistent with but more precise than previous measurements. This corresponds to a tidal quality

factor of the host star Q, = (1.82 + 0.32) x 105, in agreement with theoretical predictions for
subgiant stars.

2.3. Tucker Chan et al., 2011[11]

This article focused on refining the parameters of several transiting exoplanets, including WASP-12b,
as part of the Transit Light Curve Project (TLCP). This study provided updated system parameters
based on additional transit observations, leveraging high-precision photometry to validate previous
findings and explore anomalies in planetary radii. Since WASP-12b was highlighted as a "bloated"
planet, with a radius exceeding standard expectations for its mass, Chan et al. sought to confirm this
anomaly through new observations and to refine the orbital ephemeris, enhancing the precision of the
planet's period and transit timing. By employing photometry from the Fred Lawrence Whipple
Observatory and the Nordic Optical Telescope, they acquired transit light curves of WASP-12b, then
applied quadratic limb darkening laws [32] and Markov Chain Monte Carlo (MCMC) algorithm,
Chan et al. finally reached an updated systematic parameter for WASP-12b.

2.4. David K. Sing et al., 2013[12]

David K. Sing et al presented another survey on WASP-12b using Hubble Space Telescope (HST)
optical transmission spectra to resolve WASP-12 system, revealing it to be a close binary MOV pair.
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From the spectra, they managed to exclude prominent absorption by TiO, strong pressure-broadened
elements of Na and K, and significant metal-hydride features in the exoplanet's atmosphere. They
also presented corrections for the systematic parameters for WASP-12b.

2.5. Karen A. Collins et al., 2017[2]

Karen A. Collins et al. presented a detailed analysis of TTVs in the WASP-12b. The authors collected
23 new transit light curves from the Moore Observatory Ritchie—Chretien (MORC) 0.6 m telescope
and performed global fits to all available data, including spectroscopic and radial velocity
measurements from the literature. The goal was to refine the system parameters and search for
evidence of additional perturbing bodies in these systems, as suggested by previous studies. For the
WASP-12b system, previous work by Maciejewski et al. [7] found tentative evidence for a TTV
signal, which has a period of 545422 days and a semi-amplitude of 59+11 s, and they suggest that the
possible perturbing body has a mass of M 0.1 J and a 3.6-day eccentric orbit. Based on hypothesis,
Collins et al. did global fit to the linear ephemeris and eventually found no presuasive evidence for
sinusoidal TTVs with a semi-amplitude of more than ~35s in datasets, indicating a contradiction to
Maciejewski et al. [7].

3.  Past data analysis

Since the discovery of WASP-12b [1], there are many articles measuring the orbital period of the hot
Jupiter, as well as analysis of the orbital decay on theoretical basis. They reached an agreement that
WASP-12b does not have a general decay of its orbital period. However, in our literature review,
we’d like to affirm the consistency by applying a linear regression for all measure parameters from
past articles. Theoretically, the decay motion follows a linear relation with respect to time, and hence,
we’d like to apply a linear regression of P = mT, + b to all data, where m is the decay rate P of
WASP-12b. The table below shows the values mid-transit time T, and period P of a collection of
past articles categorized by published years in ascending order.

Table 1: Summary of WASP-12b orbital parameters

Source Year To(BJD1pB)+2450000 P(days)
Hebb et al.[1] 2009 4508.9761 + 0.0002 1.091423 + 0.000003
Tu"kzlr [(;l]lan et 2011 4508.97605 + 0.00028 1.0914222 + 0.0000011
SO“;?‘E’I‘gr]th ot 2012 N/A 1.0914222 + 0.0000011
Albrecht etal.[14] 2012 4508.97605 + 0.00146 N/A
G'Ma‘;llej[‘;fk‘ o013 4508.97718 + 0.00022 1.0914209 + 0.0000002
Turner et al[15]. 2016 5147.45820 + 0.00013 1.09142119 + 0.00000021
GMagﬁgﬁ“ 2016 4508.97696 + 0.00016 1.09142162 + 0.00000021
Bonomo et al.[16] 2017 4508.97718 + 0.00022 1.09142090 + 0.00000020
Stassun etal.[17] 2017 N/A 1.09142245 + 0.00000033
Collins et al.[2] 2017 6176.668258 + 0.000077650773 1.0914203 + 0.0000014432653
C.Patractal[I8] 2017 6305.455790 1.091420078
G'Ma‘;llq[g;vs“ et 018 4508.97694 1.09142172
Sing et al.[12] 2018 4508.977005 + 0.00031 1.091421661 550000032

Baluev et al.[19] 2019 5197.5 1.091421080
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Table 1: (continued)

Chakrabarty et

al [20] 2019 N/A 1.09142000000 £ 0.00000014432
Oztiirk et al.[21] 2019 4508.97824 + 0.00027 1.0914199 + 0.0000002
Turner et al.[22] 2020 6305.455795 £0.000038 1.091420090+0.000000041
Ivshina et al.[23] 2022 7010.512173 % 0.000070 1.091419108 £ 0.000000055
Kokori et al.[24] 2022 6594.68160 + 0.00004 1.09141964 + 0.00000004
Kokori et al.[25] 2023 7036.706177 x 0.000055 1.091419179 £ 0.000000043

Furthermore, a linear regression was applied for all measure parameters from past articles to learn
the decay rate. Our hypothesis is, the decay motion follows a linear relation with respect to time,
hence a linear regression of P = mT, + b would fit to all data, and m is hereby the decay rate P
of WASP-12b.

-
Linear Fit for: Data Set | Orbital Period
P=mx+b

m (Slope): -8.769E-10 dayjday

b (Y-Intercept): 1.091 day
Correlation: -0.8068

RMSE: 6.979E-07 day

8000 000

Figure 1: Regression results

Table 2: Comparison to past results

Source Decay Rate P (ms/yr) Discrepancy (%)
This work —27.654135%7 N/A

Patra et al., 2017[18] -29 4.64

Yee et.al, 2020[26] —31.536" 12.31

Turner et al., 2020[22] —32.53 14.99
*Converted Unit

By conversion the unit from day/day into ms/yr, a decay rate for WASP-12b orbital period is P =
—27.6539184 ms/yr. That’s to say, after applying a linear regressing to observational parameters
of WASP-12b, we lead to a conclusion that the planet has a decay timescale, according to this work,
of 3.4925Myr (P adopted from [25]) Comparing with past results [18,26,22], we are able to see the
accuracy and alignment of our result.

Yo (Vi—f(x))?
(=02 7
which is then calculated to be 1.2587853 x 10~°day/day, which is 39.697ms/yr. This error
greater than 100% of the actual value may be caused by some reasons: First, the data set was mostly
crowded around the x value of 4508 BJDrpg, making fewer significant data that participated in and

The uncertainty calculation is based on the equation uncertainty = 1.96 X
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affected the regression result. Second, as for the large uncertainty, we consider that the order of
magnitudes of x and y values have a great difference that leads to a larger degree of freedom to the
regression result. Third, regarding the actual model would a non-linear ephemeris relation of orbital
period in terms of year, this linear fit curve may appear to have some systematic disparity to the actual
condition. Multiple ways to reduce the uncertainty involve selecting and applying different and more
random mid-transit times in order to have more data points available and effective for regression.

Nevertheless, we conducted another comparison with the former computed decay rate, shown in
the table. With the largest discrepancy of less than 15.00%, we can tell that the linearized result is
aligned with the general value for the WASP-12b decay rate. Therefore, though the uncertainty of the
regression results is large, it is unanimously agreed that the decay trend is considered from the trend
of the fitted curve and previous results.

4.  Explanations for orbital period change

Nowadays, three main possible reasons for a hot Jupiter to present a period change are tidal
dissipation, mass loss, and apsidal precession [26]. First, the mechanism of tidal dissipation involves
the transfer of angular momentum between a close-in planet and its host star due to tidal interactions
[27]. In solar-like stars, this dissipation is primarily driven by the eddy viscosity in the convective
envelope. The rate of this tidal transfer depends on factors such as the stellar mass, radius, and
convective zone properties, as well as the planet's mass and orbital separation. If the tidal pumping
period is shorter than the eddy turnover timescale, the dissipation can be significantly reduced,
leading to a longer orbital decay timescale. This tidal dissipation can have important implications for
the long-term stability of planetary orbits, potentially leading to the engulfment of planets like Earth
during the host star's red-giant phase.

The second should be apsidal precession [28]. Many reasons can cause a planet to exhibit an
apsidal precession. The key factor is merely relativistic effects. General relativity (Miralda-Escudé,
2002[28]) predicts that a planet's orbit around its host star will slowly precess due to the curvature of
spacetime caused by the star's mass. This effect is especially significant for close-in exoplanets like

hot Jupiter. The relativistic precession rate [29] is given by @ = %(n—:) 2 where w is the

periastron, n is the orbital frequency, e is the eccentricity, and a is the semi-major axis. The
quadrupole moment of the host star can also cause precession of the periastron(Miralda-Escudé,
3J,R%
207
Last, the gravitational influence of a second planet in the system can induce precession of the
periastron of the transiting planet (Miralda-Escudé, 2002[28]). The precession rate due to this effect
3M, A3
4M5a§

2002[28]). This precession rate (Binney & Tremaine,1987[30]) is givenby w =n —k =

is givenby w =

4.1. Kishore C. patra et al., 2017[18]

This article presents transit and occultation observations of the hot Jupiter exoplanet WASP-12b. The
data are compatible with a constant period derivative, suggesting the planet's orbit is decaying due to
tidal interactions with its host star. However, the data could also be explained by a portion of a 14-
year apsidal precession cycle. If interpreted as orbital decay, the inferred tidal quality parameter of
the star is about 2x10°. If interpreted as precession, the planet's Love number is 0.44 + 0.10. The
decay model is favored by the data, but distinguishing between the two scenarios will likely require
several more years of monitoring, particularly occultation timing in 2019 and beyond. They observed
seven transits of WASP-12 between 2016 October and 2017 February and two new occultation times
from Spitzer project. After fitting with both precession model and decaying model [8], they found it
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was more fit with the latter, with a Y2 = 118.5, comparing with Y2 = 124.0 for the
precession model. Consequently, the article ultimately concluded that the constant period model has
been excluded, while orbital decay is preferred over apsidal precession to be the most suitable
explanation.

4.2. R.V. Baluev, 2019[19]

The writer emphasized the utilization of transit light curves along with radial velocity(RV) techniques
to confirm that WASP-12 is a triple star system, featuring a stellar companion that resembles a binary.
The total mass of these two companions WASP-12B and WASP-12C is 0.75M,, and they may induce
a radial acceleration of 0.33 ms~!/yr max on WASP-12A. Yet, the observed —7.5ms™1/yr
radial acceleration would belong to some other unidentified companions or other distant planets, e.g
brown dwarfs. The article mentioned that any object or several objects causing this radial acceleration
must also produce a quadratic trend in transit timing variations (TTV). Although the trend wasn't
significant, it ought to be incorporated into the model to ascertain a more accurate uncertainty of the
tidal component of the TTV. Moreover, they performed a brief additional calculation to determine
how much the tidal component is less than the overall measured TTV and the uncertainty associated
with this value. They noticed that the data about the RV and TTV trends have been revealed to come
from qualitatively different observations, so these two quantities may be expected to be independent.

In conclusion, the authors confirmed the nonlinear TTV trend, which may be partially explained
by the light-travel (Roemer) effect due to unseen distant companions.

4.3. Samuel W. Yee, 2020[26]

In this article, 10 transiting light curves of WASP-12b between 2017 November and 2019 January
and four occultations of WASP-12b in 2019 January and February had been newly acquired for a
parameter refinement of the planet. Combining data from radial velocity methods [31] and former
transits & occultation data, they applied a comprehensive analysis to those data under three common
model of orbital change. In the end, Yee et al. measured a shift in transit and occultation times of

about 4 minutes in a decade, corresponding to a decay constant of P = —29+2ms/yr .
d . . .
Furthermore, the measurement of ﬁ = —10.015-¢8 x 1071%days/epoch is consistent with the rate

of —10.2+1.1x 1071% days/orbit (Patra et al., 2017[18]), and with the rate of 2_11\)1 =

—9.67 +0.73 x 10710 days/orbit [9]. This marks the first discovery of a hot Jupiter being observed
to behave a spiraling motion towards its host star. It is probable that it will be destroyed within a
timeframe of t = 3.25Myr.

5. Conclusion

WASP-12b is an exoplanet located in the constellation of Auriga that was discovered by SuperWASP
project in 2008 and established its existence in 2009 by Hebb et al.[1]. Classified as a hot Jupiter,
WASP-12b has a mass approximately 1.41 Mj,p;ter and a volume about 1.79 times larger. It orbits
its host star WASP-12 at an exceptionally close distance of only 0.02294 AU, with an orbital period
of roughly 1.09 days, which is the shortest orbital period known for exoplanets ever detected. WASP-
12b's orbital period variation has been a significant interest in exoplanetary studies. Over more than
a decade of continuous observations, scientists have detected a decline in the orbital period at a rate
of approximately 30 milliseconds per year. Based on these findings, the predicted decay timescale for
the orbit of WASP-12b is roughly P = 3.25Myr. In this article, we categorized, compiled, and
analyzed previous studies on WASP-12b concentrated on the variations in the orbital period derived
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from transit & occultation light curve observations. We also applied a linear regression to the period-
time graph based on our assumption that the planet in a short period will exhibit a constant decay rate,
and an empirical orbital decay rate of 27.65 milliseconds per year for WASP-12b was obtained. This
value presents a consistency with observational data reported in various studies, with discrepancies
within a 15% margin of error. Furthermore, based on fitting results of three models, the potential
mechanism for the tidal orbital decay showed a more consistency with the tidal dissipation, regarding
apsidal precession and mass loss by escaping wind or Roche lobe overflow as two other proposed
mechanism. Therefore, according to our analysis on past articles, tidal dissipation emerges as the
most plausible explanation.

Looking forward, future research on WASP-12b will continue to monitor its orbital period
variations using advanced observational techniques. The James Webb Space Telescope, in particular,
offers the potential for more precise data collection, enabling further refinement of the parameters of
the planet.
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