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Abstract 

This paper presents the results of searching planetary companions of hot Jupiters 
(Jupiter-sized planets with period less than 10 days) that are observed by TESS in short 
cadence mode in the first two cycles. I performed photometric surveys on 131 Hot 
Jupiters, searching for evidence of additional planets. Box Least Square method is used 
to search periodic transits. I found evident occultations in system KELT-9, WASP-18, and 
WASP-121, and use that feature to calculate the planet’s dayside temperatures. Exactly 
periodic models are constructed to fit the light curves, then comparing to the models, 
transit timing variations (TTV) is measured to detect any trace of gravitational 
perturbation from other planets. Instrumental abnormal features are identified and 
analyzed. No evidence for additional planets is found, and this result supports the high-
eccentricity tidal migration theory of hot Jupiters formation, which does not allow the 
existence of close-in planet companions. This work sets limits on the potentially existing 
planet not detected by this work. Any potential transiting planet companions in the 131 
systems, cannot have period shorter than 27.4 days and size larger than 2 to 5 times R⊕, 
varying from cases. 
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1. Introduction 

Usually, planets that have periods less than 10 days and mass larger than 0.25 Jupiter mass can be 

considered as hot Jupiters [1]. Since the discovery of the first exoplanet, 51 Peg b, a hot Jupiter, the 

conventional planet formation theory, which is based on the planets in our solar system, has been 

challenged. In the conventional planet formation theory, a Jupiter-sized planet only forms outside of 

the snowline of an early solar system, but the existence of hot Jupiters requires further explanations 

of their formation. There are two prevalent hypotheses now: gas disk migration and. Both theories 

consider they migrate to their present close-in orbit from a larger orbit.  

The high-eccentricity tidal migration theory predicts that hot Jupiters wipe out all companions within 

their initial orbit, while gas disk migration allows close companions to exist. So, one of the many 

ways to test these theories is to search for close planet companions of hot Jupiters. Among the several 

hundred hot Jupiters discovered so far, the general lack of companions supports the high-eccentricity 

tidal migration [2]. However, three close-in companions of Hot Jupiters were discovered in recent 

years: WASP-47 [3], Kepler-730 [4], and TOI-1130 [5]. These examples may be indications of gas 

disk migration. The goal of this paper is to use the TESS data and search for similar cases or any 

traces of companions of known hot Jupiters.  

The Transiting Exoplanet Survey Satellite, or TESS, is a space telescope aiming at monitoring the 

brightness of stars and detecting planet transits [6]. The prime TESS mission is divided into 2 cycles, 

26 sections. It covers most of the sky, and has a much larger field of view than its pioneering mission 

Kepler, so it provides opportunities to discover new planets in different areas of the sky. This research 
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has performed photometry survey, box least square method, and transit timing variations on 131 

known hot Jupiters, in search of close planet companions. 

2. Methods 

2.1 Sample selection and TESS photometry 

Using the NASA exoplanet archive, I choose the transiting planets with periods less than 10 days, 

mass greater than 100 M ⊕. Among these Hot Jupiters, there are 131 systems observed by TESS in 

short cadence mode in the first two cycles. In short cadence mode, pixels near the target stars are 

extracted and recorded every 2 minutes. Each section are observed for about 27.4 days. All these 131 

targets are studied in this research at different degrees.  

The data are retrieved through the Lightkurve package for Python (Lightkurve Collaboration, 2018). 

This package downloads the data from the Mikulski Archive for Space Telescopes. In most cases, the 

analysis uses the light curves generated from the Pre-search Data Conditioning (PDC) pipeline to 

reduce the instrumental error and the long-term trend in the light curves. However, in a few cases, I 

downloaded the target pixels file and generated the light curves with manually chosen aperture, 

because the target stars are likely to be affected by nearby contaminating source, or the pipeline 

apertures deviate from the targets.  

2.2 Visual inspection 

To facilitate the inspection on transits, I use the flatten() method in Lightkurve to further remove the 

long-term trends in the light curve. Then, I use the remove_outliers() method to remove flux that 

deviates from the mean flux more than 6 times standard deviation. In some cases, there are still parts 

in the light curves with a high level of noise, and the transits cannot be detected in these parts. I 

created masks to remove the data in these parts. Some interesting features have been noticed in simple 

aperture photometry (SAP) light curves without processing. 

The corrected light curves are visually inspected in search of any additional dips that could be caused 

by planet companions. Some observed dips require further analysis. The expected shape of a planet 

transit is similar to a trapezoid, so in the zoomed-in plot, most dips caused by noise or other things 

can be distinguished from their shape. I also calculated the standard deviations of the surrounding 

area of the dips, then compare them to the standard deviation of the normal part of the light curve. 

Higher standard deviations around the dips indicate that they are caused by noise. Besides, 

instrumental noises can be distinguished by inspecting the light curve of a nearby blank pixel, a 

similar dip occurring at the same time means that this dip is an instrumental error. 

2.3 Box Least Square method 

Then, the Box Least Square (BLS) method is employed to search for additional periodic dips in the 

light curves that could have been neglected in visual inspection. The BLS algorithm search for 

expected signals at each possible period and produce a corresponding BLS power. In the BLS 

spectrum, a peak of power at a certain period could denote a series of periodic transit, the signal is 

especially significant when there is a series of peaks in the spectrum, each peak’s period is in a simple 

integer ratio to the period of the maximum power. I generate BLS spectrum for each target, then mask 

out the transits of Hot Jupiters and use the masked light curves to generate another BLS spectrum. 

Without the signal of hot Jupiters, I can focus on the additional signals. 

For prospective signals detected by the BLS method, I fold the light curves at the period with 

significant BLS power, and generate the phase plot to further inspect the periodic features. The shape 

pattern of phase plots can show whether the signal at a certain period is caused by additional planets. 

2.4 TTVs 

Transit timing variations, or TTVs, is another effective way to detect additional planet in known 

transiting planet systems. The gravitational perturbation from additional planets can affect the orbit 

of known planets, and the transit times of this planet will deviate from exact periodic pattern. The 
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measurement of such small departures, or TTVs, can exhibit traces of the existence of additional 

planets and information about their mass and period. In this work, I use a trapezoid model to fit the 

transits of several selected hot Jupiters. I use the least square method from the Scipy package to 

optimize the model. With the best-fit transit midpoint times, I construct a linear model of exact 

periodic transits timings, also using the least square method. The computed TTVs with this model are 

plotted, but this work does not include further analysis with this method because of the error 

amplitude of TTVs. (see Result) 

3. Results 

With the methods above, no evidence for planet companion of Hot Jupiter is found. 

However, there are several cases with interesting features that worth further discussion and study. 

3.1 Potential additional transits 

In the visual inspection of the light curves of 131 Hot Jupiters, most of the features seem like planet 

transits have been attributed to noise, because of their shape and standard deviation (see section 2.2).  

The most apparent additional dip is in the light curve of HAT-P-33. As shown in Fig 1., there is one 

single dip around the time 1844 day, and it does not belong to the Hot Jupiter HAT-P-33 b. The depth 

of this additional dip shows that it could indicate a giant size planet, at a period longer than 25 days 

so that other transits cannot be seen in this light curve. The shape of this dip does not perfectly match 

the trapezoid model of planet transit. The flux does not remain relatively stable at the low level like 

a normal planet transit, so it is more similar to an eclipse from a binary star with similar size to the 

host star. Then, I select a pixel nearby the target but not included in the aperture for the target. There 

is no obvious star occupying the pixel. In the light curve of this supposedly blank pixel, there is a dip 

with similar shape at almost the same time. All nearby pixels contain this trait, so this dip is likely to 

be caused by instrumental error. One possible explanation is that when TESS determines the zero 

point in this area, there is a binary system with happening eclipse in the supposedly blank view, so 

all pixels in this area contains a background noise signal here. 

 

Fig 1. Results for HAT-P-33. The top left panel is the PDC light curve. The top right panel is the 

zoomed-in plot for the additional dip. The bottom left panel is the light curve for the selected nearby 

blank pixel. The bottom right panel shows the aperture used for this star, and the selected pixel is 

also highlighted. 
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WASP-8 is a typical example of seemingly periodic dips. As shown in Fig2., there are four dips where 

the mean flux is lower than the surrounding parts in the SAP light curve. These dips, at first glance, 

are spaced by approximately the same period. The standard deviation of flux at the parts of dips and 

at the surrounding parts are presented. Since the standard deviation is higher for dips, and the shapes 

of dips are irregular, they may due to the instrumental noise. This can be further confirmed in the 

PDC light curve, in which those dips are corrected. Another feature worth noticed in WASP-8 is the 

long-term trend of the star. The flux oscillates in a sine pattern, which is caused by the star rotation. 

Similar patterns are observed in data of other targets in this work. 

 

Table 1. Standard deviations 

 Time Standard deviation 

dip 1 1361.4 0.0012 

dip 2 1366.4 0.0015 

dip 3 1370.8 0.0011 

dip 4 1375.9 0.0010 

surrounding area  0.0007 

 

 

Fig 2. Results for WASP-8. The top left panel is the PDC pipeline light curve. The bottom left panel 

is the SAP pipeline light curve, where the additional dips are labeled with blue vertical lines. The 

top right panel is the zoomed-in plot for the dip 2. The bottom right panel is a table showing the 

time and standard deviation of the four dips and the mean standard deviation of the surrounding 

area. 

3.2 Secondary eclipses 

In the BLS search of additional periodic features, after removing the transits of Hot Jupiters, there are 

relatively strong signals at the same period of Hot Jupiter for system KELT-9, WASP-18, and WASP-

121. The phase plots show that there are additional transits with exactly the same period of Hot Jupiter 

and opposite phase. These transits are occultations, i.e. secondary eclipses of the Hot Jupiters. All 

three cases have extremely short periods (less than 2 days) and high effective temperature of stars. 

(see Table 1.) Thus, the planets have extremely high temperature, and a significant temperature 
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difference between dayside and night-side; the planet thermal radiation contributes to the total flux 

of the light curve, and when the planets orbit behind the star, the secondary eclipse occurs due to the 

loss of planets’ flux. I use the trapezoid model to fit the phase plot of secondary eclipses and yield 

the transit depth and duration.  

 

Fig 3. Three columns are results for KELT-9, WASP-18 and WASP-121, respectively. The first row 

is the phase plot for the targets. The phase zero point is set at the middle time between the transits 

and secondary eclipses to be clear. The second row is the BLS spectrum for light curves with 

Jupiters’ transits removed. The last row shows the fitted model (red lines) for the secondary eclipse.  

 

Table 2. The planetary parameters for three systems. Data Reference: [10-12] 

Planet 
Period 
(day) 

Transit 
duration 
(hour) 

Transit 
depth 

Host 
effective 

temperature 

Equilibrium 
temperature 

Occultatio
n depth 

Occultatio
n duration 

(hour) 

Dayside 
tempera

ture 

KELT-9 b 1.481123 3.9158 0.6770% 10170 K 4050 K 0.0613% 3.84 4690 K 

WASP-18 b 0.941453 2.14368 0.9439% 6400 K 2413 K 0.0373% 2.11 3050 K 

WASP-121 b 1.274926 2.887 1.551% 6459 K 2358 K 0.0515% 3.03 2970 K 

 

KELT-9 is one of the hottest stars that is found with a planet, so the extreme insolation on KELT-9 b 

results in the most apparent secondary eclipses in light curve. For KELT-9 the fitted secondary eclipse 

depth and duration are 0.0613%, consistent with the result of Wong et al. 2020 (650 ppm) [7] within 

2 times uncertainty. For WASP-18 and WASP-121, the signals of secondary eclipses are not so 

apparent, both in the periodogram and phase plot. The fitted depths are 373 ppm and 515 ppm, 

respectively, consistent with the result of Wong et al. 2020 (339 ppm and 486 ppm) [8]. The duration 

of secondary eclipses for these three systems are consistent with the previously measured duration of 

the corresponding Hot Jupiters. With the fitted occultation depth, the day-side temperatures are 

computed. Assume the planets are black bodies (ignore reflection) with uniform brightness on the 

dayside. Use the equation: 𝐷𝑜𝑐𝑐𝑢𝑙𝑡𝑎𝑡𝑖𝑜𝑛 = 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑡
∫ 𝐵( 𝜆, 𝑇𝑑𝑎𝑦)  𝑑 𝜆

∫ 𝐵( 𝜆, 𝑇 𝑠𝑡𝑎𝑟) 𝑑 𝜆
 [9], where 𝜆 is the wavelength. 

Here assumes the TESS transmission is 1 in the TESS bandpass 0.6 to 1 μm, and 0 outside this 

interval. B(λ, T) is the Planck function: B(λ, T) =
2hc2

λ5  
1

exp(hc/kTλ)−1
 , where h is Planck’s constant, 
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c is the speed of light, k is the Boltzmann’s constant, T is the temperature. The used transit depth, 

host effective temperature and the computed planet day-side temperature are presented in Table 1 

[10-12]. The results are consistent with Wong et al. (2020) [8]: 4600K, 2970K, and 2920K for KELT-

9, WASP-18 and WASP-121 respectively. 

3.3 Stellar pulsation 

In the light curve of KELT-8, there is a rapid periodic oscillation pattern. The BLS spectrum also 

shows the maximum power at period 0.197 day, which is different from the period of KELT-8 b, 

3.244 days. The phase plot for this rapid periodic signal shows a pattern of the sine wave. This may 

indicate a rapid stellar pulsation. However, KELT-8 is a G-dwarf (Fulton et al. 2015) [13] and is not 

expected to exhibit such rapid pulsation. There is a giant star 8 arcseconds away from KELT-8, and 

the TESS resolution for each pixel is 21 arcseconds; so these two stars are unresolved and the 

pulsation signal is likely from the nearby giant star, while the planet transits come from KELT-8. 

 

 

Fig 4. The results for KELT-8. The top panel is the PDC light curve. The bottom left panel is the 

BLS spectrum, in a logarithm scale of period. The bottom right panel is the phase plot of the rapid 

pulsation signal, with the transits of Hot Jupiter removed. 

 

 

Fig 5. The left panel is the TTVs plot for WASP-18. The right panel is the TTVs plot for WASP-19. 
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3.4 TTVs of WASP-18 b, WASP-19 b 

From the TTVs plot, the TTVs for WASP-18 b and WASP-19 b are about 1 minute, while the 

uncertainties of the TTVs are around 10 minutes. So, the measurement of TTVs here is not likely to 

yield any meaningful analysis for additional planet. WASP-18 system has been confirmed with an 

additional planet WASP-18 c by the method of TTVs (Pearson 2019) [14], but there is not any 

distinguishable pattern for the same system in this work. This also shows the lack of precision. 

Therefore, further analysis is not conducted in this research. The major reason for the large error may 

be due to the trapezoid fitting model, which ignores some important properties of planet transit and 

is not accurate enough. 

4. Discussion 

The lack of finding of planet companions of Hot Jupiters in this work is generally consistent with 

previous effort (Steffan et al. 2012) [2] in this goal. Possible explanations for this dearth of 

companions include: they do not exist; they are too small to be detected; they have period longer than 

TESS section span (27.4 days), or they have non-transit planets with relatively high inclination. The 

non-exist explanation supports the high eccentricity migration theory for the Hot Jupiter formation.  

However, the properties of systems like WASP-47 may be strong evidence that Hot Jupiter can form 

in more than one way, like the disk migration (Weiss et al. 2017) [15]. Therefore, there are still 

reasons to expect similar discoveries. TESS and its extended mission cover almost the whole sky, so 

it will acquire high-quality data for many stars that have not been observed before by space telescope 

like Kepler. Further study in this goal, with improved precision and methods, may discover additional 

planets in TESS data.  

This research can improve in precision in several ways. In data processing, most of the light curves 

are generated from the PDC pipeline. However, this can be improved for some cases by using a 

costumed aperture and flatten method. The TESS pixel scale is 21 arcseconds, so there are quite some 

cases that nearby stars are unresolved and contained in the aperture. Further treatments for 

contaminating light are also needed. The precision of measurement of TTVs can be improved by 

using a more sophisticated model, like the limb-darkening model. The multi-body dynamical 

simulation for the Hot Jupiter system can also be useful by predicting the pattern of TTVs, then 

comparing it with the measurement to search for evidence of non-transiting planet. 

5. Conclusion 

In summary, among the TESS data of 131 hot Jupiters, there is no evidence for additional transiting 

planet that has period shorter than 27.4 days and size larger than 2 to 5 times R⊕ (the limits varies 

from cases). The high-eccentricity tidal migration theory predicts that hot Jupiters will wipe out 

planets within their original orbits, which is consistent to the result of this work. This indicates that 

for these 131 hot Jupiters, high-eccentricity tidal migration is still a likely explanation for their 

formation, though a few other cases may have a different formation history. 
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