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Abstract 

As the interest and the importance of the knowledge and the study exoplanets began to 
increase, the scientific field has long been attracted to the existence of hot Jupiters, which 
are planets that have large sizes and short orbital periods. Recent research has shown a 
particular focus on searching for companions of hot Jupiters that are exoplanets orbiting 
around the same star as the hot Jupiter previously detected. With this detection of other 
planets also existing in the same system, scientist can further determine whether there 
is the possibility of life, which is crucial for the future of mankind. In this research, using 
the Lightkurve package in Python, we are able to analyze several hot Jupiters’ transit flux 
table in order to search for other companions. There are several examples of the shape 
of the flux that might be real transits from another planet existing in the system, as well 
as calculations of the possible surface temperature of the hot Jupiters, along with further 
analyzations of the properties of the hot Jupiters. 
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1. Introduction 

The study of exoplanets, or planets outside of our solar system, is becoming one of the main subjects 

in the field of astronomy. Over the centuries, astronomers gradually became interested in exoplanets 

known as hot Jupiter, which are planets with large sizes and short orbital periods 97[1]. Because of 

this, they are the planets easiest to detect. Astronomers over decades have used different methods to 

detect hot Jupiters, and the method we are using is through analyzing each star’s transiting period. 

Transit timing variations (TTVs) are dips of the flux of each star when caught on telescopes, for when 

a planet or planets, especially when a hot Jupiter orbit around a star, it will likely cover some part of 

the star’s emitting light, causing the flux of the star to drop. Using the Transiting Exoplanet Survey 

Satellite, or TESS data from NASA Exoplanet Archive, we are able to select out the planets that are 

very likely to be hot Jupiter. In our research, we search for additional transits, rather than the main 

pattern of the transits of the hot Jupiter. The additional transits are probably caused by other planets 

in the system, which could be the evidence of the existence of companions of hot Jupiter. 

Using the Lightkurve package in Python, we are able to plot the data downloaded from the NASA 

Exoplanet Archive, analyze the table in which we plotted flux verses time, and search for additional 

transits. In this paper, we present analyses of several stars’ TTVs that additional dips that are likely 

to be other planets, though they are not. Along with an artificial example of an additional transit in a 

system with an existent hot Jupiter showing the possible figure of the additional transit that might be 

detected. 
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We use the transiting method to search for new planets in systems that contain a hot Jupiter, for the 

transits are easier to detect in those systems. And there might be a possibility that those planets we 

might have a chance of observing need some further investigations, which might include the 

habitability of the planets or the existence of liquid water. These findings would contribute a lot to 

the astrophysics as well as the science realm. 

2. Methods 

To get our research started, we first have to limit down the star systems with hot Jupiter orbiting 

around it. So using data from NASA Exoplanet Archive, we are able to select out hot Jupiter. We 

filter the planets by their masses > 100 Earth masses and > 0.3 Jupiter masses, by their orbital periods 

< 10 days, as well as by their apparent magnitudes < 12, and we had about 250 planets. Then, using 

Python through Jupiter Notebook, as well as the Lightkurve package developed for collecting TESS 

data, we are able to plot the data using pixels to a table of flux verses time, as well as a pixel file to 

show the star position and the background. Through the code “pixelfile.interact( )”, we can choose 

the areas in the pixel table to magnify the transits in order to detect their shapes, depths, and widths. 

When we discovered a likely additional transit, we would select the time range of the additional transit, 

and by fitting a parameterized model to the data, we are able to determine whether it is a real 

additional transit or not.  

There are a few ways to judge whether it is an additional transit caused by another planet the orbits 

around the star of that of the hot Jupiter, or whether it is an error caused by the machine, the noise in 

the background, or other nearby star’s emitting light.  

First, we can look with our naked eye at the shape of the additional transit – whether it is a V-shaped 

dip (which is not very likely to be caused by a planet), or a symmetrical shaped (which bears further 

investigation). And using the pixel file, we can directly plot every single data point, which would 

give us a nice image of the light curve. 

If, for example, the additional transit has a shape that is symmetrical, then it is very likely to be 

another planet. However, you should also check the amplitude and the duration of the signal – that is 

the depth and the width of it. If both these things, depth and width of the transit seem plausible to be 

caused by a planet, then you are off to the next step. 

Next, you should choose a larger amplitude, in other words, a larger collection of pixels, in order to 

examine the data clearer. If the dip cannot be seen, it means that this dip is very unlikely to be an 

additional transit caused by a planet.  

Another way is through fitting a parameterized model to the data. By creating a line that can fit into 

the data, we are able to see the shape of the transit clearly, which help us to determine whether it is a 

real transit or not. For the line fitting to a real additional transit might have a trapezoid shape, while 

others don’t have a trapezoid shape. 

3. Results 

3.1 WASP-35 

The first star we thought was quite interesting is WASP-35. 

First, looking with our naked eye at the pixel file plotted flux verses time, we can see that there is a 

dip (marked in red in fig. 1) that is symmetrical and different from all the other strange dips that are 

asymmetric and look like they are caused by noise or the machine. The dip is in between two transits 

caused by a hot Jupiter that orbits around the star, giving us a possibility that this dip might be due to 

another planet also orbiting around the same star. Plus, the amplitude and the duration of the signal 

seems plausible for a wide-orbiting. However, the other asymmetric signals also suggests that this 

dip might also be one of those fluctuations caused by noise or the machine, and happens 

coincidentally to look like an additional transit. 
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Figure 1. The transit flux of WASP-35 with a likely additional transit that is marked in red. 

 

We then magnified the dip to examine it closely (see fig. 2).  

 

 

Figure 2. A magnified file of the additional transit seen in fig. 1. 

 

We can see that there is a small dip and the pixels are quite scattered, which makes us question about 

this signal. 

 

Figure 3. A comparison and a magnified file of the flux of the transits caused by the hot Jupiter and 

the additional transit that might be caused by another planet in the system. 
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Figure 4. A magnified transit caused by the hot Jupiter. 

 

Compared with the transit caused by the hot Jupiter, we see that the dip is small and the average 

number of the pixels (which shows the average flux of that particular area) remain unchanged, while 

for the transit caused by the hot Jupiter, the number of pixels are lessened on the sides of the dip and 

the pixels at the bottom of the transit are more (see fig. 3 and fig. 4). This might, however, give us 

evidence to support the assumption that it is not an additional transit.  

Then, we chose a larger aperture, in other words, a larger collection of pixels, to plot a time-averaged 

version of the light curve rather than plotting every single data point. Because each pixel if the average 

flux of that area, and by choosing a larger collection of pixels, we will be able to have a wider range 

of the flux, and thus lowering the mean error. This improves the signal-to-noise ratio of the data, 

which eliminates some false transits. And if the transit were truly created by a planet, then it would 

also create a large transit depth like the ones created by the hot Jupiter that is quite obvious to detect. 

 

 

Figure 5. A pixel file plotted by choosing a larger aperture in order to lower the mean error and 

eliminate some false transits. 
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Figure 6. Another pixel file plotted by choosing a larger aperture. 

 

Figure 7. A file plotted with the line-best-fit to show the fluctuation of the likely additional transit. 

 

However, this does not seem to work for WASP-35. When we chose a larger amplitude, the dip that 

was originally viewable in fig. 1 cannot be seen, meaning that the dip is very unlikely to be an 

additional transit caused by a planet. Rather, it might be some kind of artifact due to the combination 

of multiple stars that are blended together in the TESS image.  

Speaking of the combination of multiple stars, there are some interesting things that might happen to 

the flux when there are multiple stars. 

 

Figure 8. A pixel file of WASP-46, which in the background, there are two stars. 

 

Fig. 6 shows an image with two stars in the background. This might cause strange disturbances in the 

flux table. For example, when there is a large dip, it might be because those two stars are overlapped 

or one star cannot be observed. All you have to do is to make sure the two stars’ flux is consistent, 

and you can observe the transits just as usual. 

3.2 KELT-9 

KELT-9 is also a peculiar star, and quite different from others. 
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Figure 9. The transit flux of KELT-9 with two periodic transits. 

 

Looking at the flux table, we see that there are two periodic transits, the larger one obviously caused 

by a hot Jupiter orbiting around the star, the smaller one, however, might be caused by another planet, 

or other reasons. Due to the fact that the smaller transits occur at exactly in the middle of the two 

larger transits, they are unlikely artifacts due to noise or the image. Plus, if these smaller transits are 

caused by another planet, then those transits should not occur at exactly in the middle of the two large 

transits, for the other planet must have a different orbit from that of the hot Jupiter. This gives us the 

assumption that these smaller transits are not made by another planet in the star system.  

 

Figure 10. A magnified pixel file of the smaller transits in between two larger ones. 

 

Figure 11. Another magnified pixel file of the smaller transits in between two larger ones. 
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These smaller transits, shown in fig. 10 and fig. 11, are planetary occultation, the loss of light that we 

detect when the planet is hidden behind the star, on the other side of its orbit. During a transit, the 

flux drops because the planet blocks a fraction of the starlight. Then the flux rises as the planet’s 

dayside comes into view. The flux drops again when the planet is occulted by the star
错误!未找到引用源。

. 

This occultation allows us to measure the amplitude of the signal, and thus calculate the dayside 

temperature of the planet. Roughly speaking, the amplitude of the occultation signal is equal to the 

transit depth multiplied by the ratio of temperatures between the planet and the star.
错误!未找到引用源。

 

The starting point of the calculation is the assumption that the planet is at a uniform temperature (i.e. 

there is efficient transfer of the heat from the dayside to the nightside). Then, by requiring the power 

intercepted by the planet equal to the power radiated by the planet, we have the condition:  

𝜋𝑟2𝐹𝑠𝑡𝑎𝑟 = 4𝜋𝑟2𝜎𝑇𝑝𝑙𝑎𝑛𝑒𝑡
4
 

And, assuming the star to be a blackbody, too, we have:  

𝐿𝑠𝑡𝑎𝑟 = 4𝜋𝑅2𝜎𝑇𝑠𝑡𝑎𝑟
4
 

𝐹𝑠𝑡𝑎𝑟 =
𝐿𝑠𝑡𝑎𝑟

4𝜋𝑎2
 

Here, 𝑟 is the planet's radius, 𝑅 is the star's radius, and 𝑎 is the orbital radius, which we can solve 

for 𝑇𝑝𝑙𝑎𝑛𝑒𝑡  in terms of 𝑇𝑠𝑡𝑎𝑟, 𝑅, and 𝑎. 

Thus: 

𝑇𝑝𝑙𝑎𝑛𝑒𝑡 = 𝑇𝑠𝑡𝑎𝑟√
𝑅

2𝑎
 

And by plugging in the temperature and the radius of the star, as well as the orbital radius of the hot 

Jupiter, we can roughly calculate the surface temperature of the hot Jupiter.  

𝑇𝐾𝐸𝐿𝑇−9𝑏 = 𝑇𝐾𝐸𝐿𝑇−9√
𝑅

2𝑎
≈ 9435 × √

2.178 × 𝑅𝑠𝑢𝑛

2 × 0.03462𝐴𝑈
≈ 3614.895133𝐾 

𝑇𝑊𝐴𝑆𝑃−35𝑏 = 𝑇𝑊𝐴𝑆𝑃−35√
𝑅

2𝑎
≈ 5990 × √

1.08 × 𝑅𝑠𝑢𝑛

2 × 0.04317𝐴𝑈
≈ 1447.225041𝐾 

The highest effective temperature for Mercury, the closest planet to the Sun, is 740 degrees Kelvin, 

while this hot Jupiter’s effective temperature is roughly around 3600 degrees Kelvin, much higher 

than that of Mercury and of most hot Jupiters, which gives us the assumption that KELT-9 is an 

extremely hot and luminous star, one of the hottest known exoplanets, actually, according to 

Wikipedia. Plus, KELT-9b is also an ultra-hot Jupiter transiting a rapidly rotating, oblate early A-

type or late B-type star KELT-9, in a polar orbit.
错误!未找到引用源。

 The surface temperature of KELT-9 is 

9435 degrees Kelvin, according to the NASA Exoplanet Archive, which is unusually hot for a star 

with a transiting planet.[3] 

The extremely high surface temperature of the planet causes the fluctuation of the flux to vary a lot 

when the planet orbits behind the star. WASP-35 (see fig. 1), in this case, do not have any viewable 

planetary occultation because WASP-35b have a rather lower surface temperature, and thus the 

amplitude of the occultation signal is much smaller. The amplitude of the occultation signal depends 

on both the size of the planet, and its dayside temperature. The dayside temperature can vary a lot 

from planet to planet; shorter-period planets around luminous stars can have much hotter temperatures 

than usual. 

3.3 KELT-1 

Looking at the flux versus time table, we can see that there exist additional transits in almost every 

obvious transits of hot Jupiter (see fig.12) and these small transits always lay in the middle of the two 

large transits. We try to fit these dips, the result shows that they all have small amplitude, only about 
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30 (see fig.13). These factors lead us to conclude that KELT-1 is another case of planetary 

occultations, similar to KELT-9 which we have previously discussed. (see section 3.2) 

 

 

Figure 12. The transit flux of KELT-1 with two obvious periodic transits. 

 

Figure 13. A magnified pixel file of the one smaller transit between two larger ones. 

 

By assuming the star as a blackbody and performing 𝑇𝑝𝑙𝑎𝑛𝑒𝑡 in terms of 𝑇𝑠𝑡𝑎𝑟, R and a, we can 

calculate the temperature of this exoplanet according to the function we have previously measured: 

𝑇𝑝𝑙𝑎𝑛𝑒𝑡 = 𝑇𝑠𝑡𝑎𝑟√
𝑅

2𝑎
 

𝑇𝐾𝐸𝐿𝑇 − 1𝑏 = 𝑇𝐾𝐸𝐿𝑇 − 1√
𝑅

2𝑎
≈ 6518𝐾 × √

1.462 × 𝑅𝑠𝑢𝑛

2 × 0.02466𝐴𝑈
≈ 2424.263925𝐾 

This companion is a low-mass brown dwarf or super-massive planet with mass of 27.23+/-0.50 MJ 

and radius of 1.110+0.037-0.024 RJ, on a very short period (P=1.21750007) circular orbit. KELT-1b 

receives a large amount of stellar insulation, with an equilibrium temperature assuming zero albedo 

and perfect redistribution of 2422 K.[5] 

3.4 HAT-P-33 

Looking at the flux vs. Time plot, we can see that HAT-P-33 has a obvious dip between 1843.7-1844 

(see fig.14), that is to say, between two real transits which are caused by the hot Jupiter. 
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Figure 14. The transit flux of HAT-P-33 with a likely additional transit. 

 

We zoom in at that time range to take a closer look at the dip (see fig.15) and fit a parameterized 

model to the data (see fig.16). The result shows that this dip is quite V-shaped and comes to a sharp 

point in the middle. Actually, if there do exist a small body in front a large body, the shape of the real 

transit will look like a trapezoid with a flat bottom since the flux will not change very much as the 

planet is projected in front of the star and moving across the disk. For HAT-P-33, the flux is changing 

drastically during 1843.7-1844, which indicates that this additional transit isn’t caused by another 

planet. In this case, it is more likely that it is an eclipsing binary star, that is to say, a binary star 

system in which the orbit plane of the two stars lies so nearly in the line of sight of the observer that 

the components undergo mutual eclipses [6]. The V-shaped dip might be caused by the combined flux 

and our current technology cannot separate them. 

 

Figure 15. A magnified file of the flux of the possible additional transit. 

 

Figure 16. Another magnified file of the flux of the possible additional transit. 
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Looking at the light curve, we check other stars to see if they also have dips at the same time range. 

By picking 3*3 pixels of the brightest part of the star northeast to HAT-P-33 (see fig.17) and 1*2 

pixels of the star southeast to HAT-P-33 (see Fig.18), we can clearly notice that there also exists a 

dip at about 1843.7-1844 of both the stars. This finding confirms the idea that it may have an eclipsing 

binary companion—the light from that star contaminates the light from HAT-P-33, thus produce such 

additional transit. 

 

 

Figure 17. 3*3 pixels of the brightest part of the star northeast to HAT-P-33. 

 

 

Figure 18. 1*2 pixels of the star southeast to HAT-P-33. 

 

Figure 19. A plot of transit timing variations with error bar. 
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We tried to find out whether the transits are strictly periodic by performing the TTVs method and 

observe variations in the timing of a transit. By searching the NASA EXOPLANET ARCHIVE to 

get the exact orbital period of HAT-P-33 which is 3.474470 000001.0 , we get a plot which show 

every transit with error bar. Then we tried to plot residuals to analyze whether there are any obvious 

transit timing variations (see fig.19). However, the error bar is much larger than the residuals so that 

we cannot tell the difference in periodic change. 

3.5 WASP-46 

There is one planet called WASP-46 showed its possibility on having additional transit (which is a 

V-shaped dip) through the period of searing planets. 

 

Figure 20. The relationship between the pixels plotted flux and the time. 

 

To look at the Figure.20 only by eyes, there is a gentle dip (marked in red in fig. 20) that is different 

than other dips which are longer and more periodic. Even though it seems not perfect, it still provide 

a possibility to be analyzed as an additional planet. 

 

Figure 21. The possible dip found in the Figure 20. 
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When magnified the dip and examine it closely, it shows a slightly dip even it is not clear, which then 

seems more likely become an additional planet. But at the same time, the problem come up as well, 

that is  

 

Figure 22. The fitting picture of the possible dip. 

 

Comparing to the dips that caused by hot Jupiter, this dip is relatively not clear. And since the shaped 

of the dip is not regular, we can assume that this dip is not an additional planet. 

Then, we use python to get further more decisive confirmation. 

The python is fitting all the transits of this planet system and trying to get the slope, the intercept, the 

mid times of the transit, the residual, and also the error which is 

number of transit: [0. 1. 2. 3.] 

slope: 1.4592620066031052 

intercept: 1348.7783958874206 

transit mid times: [1348.76371461 1350.25223049 1351.71181854 1353.14139195] 

residuals: [-21.14104384  20.98454354  21.45404445 -21.29754415] 

error: [1.18285834e-01 7.81819398e+03 1.47017354e+08 2.64772195e+03] 

Then we can get several figures of the results. 

 

 

Figure 23. The first possible dip the lightkruve given. 
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Figure 24. The second possible dip the lightkruve given. 

 

 

Figure 25. The third possible dip the lightkruve given. 

 

 

Figure 26. The fourth possible dip the lightkruve given. 
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From fig. 23 to 26, the weird fitting can draw a conclusion that this kind of dip cannot fit with TTVs 

system. 

 

Figure 27. The uncertainty the possible additional transit might have. 

 

Finally, to find out whether the transits are strictly periodic by performing the TTVs method and 

observe variations in the timing of a transit. We can get the exact orbital period of WASP-46 from 

NASA EXOPLANET ARCHIVE which is 1.4303700±0.0000023. As the result showed in fig.27, 

there is only one error bar with small uncertainty. There is a comparison of WASP-46 transit timing 

residuals with an interior perturbed 4-point analysis. From Figure.27, the there is only one transit 

timing variation that have small deviation. 

Form all the analysis above, the conclusion we can get is that there is not enough information in the 

data which provided above to support then hypothesis--- the characteristics of a secondary planet in 

the WASP-46 system uniquely and satisfactorily. The reason of getting this result is the number of 

model parameters is not much larger than the number of data and because the typical timing precision, 

∼100 s, is not a sufficiently small fraction of the orbital period of the transiting planet to distinguish 

between different solutions. [7] 

 

Figure 28. The picture of the two stars of WASP-46 
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Fig. 27 shows an image with two stars in the background. This might cause strange disturbances in 

the flux table. For example, when there is a large dip, it might be because those two stars are 

overlapped or one star cannot be observed. All you have to do is to make sure the two stars’ flux is 

consistent, and you can observe the transits just as usual. 

Using the formula previously explained, we can calculate the surface temperature of WASP-46. 

𝑇𝑝𝑙𝑎𝑛𝑒𝑡 = 𝑇𝑠𝑡𝑎𝑟√
𝑅

2𝑎
 

𝑇𝑊𝐴𝑆𝑃−46𝑏 = 𝑇𝑊𝐴𝑆𝑃−46√
𝑅

2𝑎
≈ 5600 × √

0.828 × 𝑅𝑠𝑢𝑛

2 × 0.02335𝐴𝑈
≈ 1610.8242𝐾 

Therefore, we can get the final assuming result of WASP-46, with an equilibrium temperature 

assuming zero albedo and perfect redistribution of 1610 K.[5] 

4. Conclusion 

After a month and a half of learning and courses, we have learned how to use data and programming 

to get evidence to search for additional transits. Thanks to Professor. Winn and teaching assistant 

Steven Ye, they have taught us the knowledge of basic physics and astronomy so that we can have 

the ability to collect various evidences and write this report. They have taught us the fundamental 

units, equations, fundamental knowledge of Transiting Exoplanet Survey Satellite (TESS) and the 

use of the Lightkurve package. 

Our overall goal of the research is to find out where hot Jupiter comes from. However, what we are 

really studying is not so deep, which is looking for clues of small planets and additional transits. 

Although we do not succeed in finding a transits, we do find certain planets that are similar and 

interesting. During the research, we have also met distinct problems and gained a lot from the 

processes. 

One problem we met is data finding. Our group has focus on 250 planets in total, then searching for 

the elemental data of each planet is the first step of the whole project. By contrast, some of the planets 

cannot be found when we looked for them online. The professor has offered us several ways that are 

really useful, such as using NASA Exoplanet Archive, MAST Portal, Kepler Data Search. Also, one 

significant point is that we must make sure we type all parts of the planets’ names correctly. For 

example, the “b” cannot be missed from “KELT-9 b” when we are typing for searching, or it will be 

a totally different data from this particular planet. Secondly, programming issues and internet troubles 

are inevitable. Some of us couldn’t run or get output from the Lightkurve, and others are confused 

about how to zoom in the data into the Lightkurve or how to moderate the ranges and sizes of the 

output picture. Thus, the problems of hardware have also bothered some of us for a while. 

Considering we try to look for clues for any additional transits, we basically judge whether a planet 

is a transit by observing its dips, shapes, graphs from the Lightkurve and determining the time periodic 

of it. Here are the summaries of all the planets we found interesting and be worth investigating:  

WASP-35: Although there is dips which are asymmetric and the signal’s duration can be regard as 

the symbol of anther planet, the signals imply that the dip can be made by the noise or machine. Also, 

when we make the amplitude larger, we cannot see the initial dip that we expected to see it large. 

Thus, it might only be a artifact because of the combination of stars.  

KELT-9: Because of the two periodic transits which one is large and another is small, we thought it 

can be a new transit rather than artifact caused by noise or image. However, after calculating the 

temperature of it, we found that KELT-9 is a luminous star with extreme high heat, which is unusual.  

KELT-1: This is another case of planetary occultations which is similar to KELT-9.  
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HAT-P-33: even though there is noticing dip between the two real transits, the dip is V-shaped and 

the flux is keep changing during the time period; thus, it implies that the transit isn’t the result of 

another planet but more like a eclipsing binary star.  

WASP-46: due to the V-shaped dip and a roughly time period, it’s possible to be a transit. But after 

comparing the dips of hot Jupiter, we found that WASP-46’s dip isn’t clear and the shape of it is not 

regular. As a result it cannot be a transit. 
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