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Abstract. In this paper, we present some light curves and schematic diagrams related to our
methods. The data released from TESS are our basic resources for finding exoplanets.
Exoplanets may exist inside both single stellar system and multi-stellar systems. We will
present 4 planets according to our findings. However, we first carefully chose 2 binary systems
from a catalog of 4584 eclipsing binaries to give a fundamental analysis through details in the
light curves. Then comes the ways of detecting exoplanets inside extrasolar systems, mainly
transit, radial velocity (or Doppler method) and microlensing. The methods also yield some of
the properties of the exoplanets, such as their orbital period, mass, radius, etc. Finally, we will
talk about both the advantages and disadvantages of our methods, and with some future
improvements. We use python to help us visualize the data observed in the light spectrum, and
the code will be placed in the last part of this paper.
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1. Introduction

The binary star system is a hot spot nowadays, having a bright prospect in the field of finding
exoplanets. Binary star systems [1], by definition, strictly have two central stars orbiting around the
center of mass of the system. Till now, we have observed various types of binary star systems, for
example, visual binaries, spectroscopic binaries, eclipsing binaries [2] and astrometric binaries. In our
paper, we will focus on eclipsing binaries (EB) to try to find exoplanets in a catalog given by Andrej
Prsa [3]. For example, TIC 24935204 is an unusual EB system. It presents a lot of interesting features
through analyzing light curves, then helps us better understand the parameters like eclipsing period,
radius, and masses of the stars, which would be further developed in the latter part of the paper.

Then we change our view to the exoplanets. They are something far beyond our view because of
their small radius and low luminosity compared to their central star, so we need some astrometric and
photometric methods to search for changes in fluxes, radial velocities, and wavelengths of the light
emitted by the primary star in the system, then determine the causes of the alters mentioned above,
which might be an exoplanet. Since the first confirmation of the existence of exoplanets in 1992, we
have found up to 5063 confirmed exoplanets [4] with the most commonly used method, the transit
method. However, the stellar systems that we are able to measure the transit effects are strictly
confined by certain requirements, so only a few of the systems in the universe fulfill the requirements.
In other words, we are missing most of the stellar systems in the universe, leaving them out of our
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minds because our method does not fit well with their properties. So, in our paper, we will also
introduce a method that can utilize more information.

TESS [5] is an MIT-led NASA mission that provides data for an all-sky survey of transiting
exoplanets, which means its data is very suitable for our research. TESS separates and observes the
sky within 26 segments, focusing on the southern hemisphere in the first year of mission operation and
the northern hemisphere in the second year. Different sectors are responsible for different star clusters
and extrasolar planetary systems but ultimately concentrate on the goal of finding more exoplanets.

Our data for confirming exoplanet existence comes from exoplanet discovery.

2. Transit method of finding exoplanets

The transit method is a photometric [6] method that aims to detect the presence of one or more
exoplanets in orbit around a star indirectly. Focusing on searching for exoplanets out in the universe,
we have tried several methods below. And all methods have both advantages and disadvantages; we
will discuss both sides and present what we have found by handling TESS data, then give out some
theoretical predictions.

2.1. Features of binary star systems

2.1.1. Analyzing light curves. Binary stars are unigue: there are over half amount of the stars with
masses of IM® or higher are found. Therefore, binary stars account for a large proportion of the
visible universe, which is the natural result of star formation [7] and the evolution process.

We chose TIC 24935204 (figure 1) as our first object, a widely separated EB. The two dips on the
light curve, which correspond to a sudden drop in flux, were caused by the companion star that
shelters the light. With further observation, it is clear that the two dips share a difference in the
magnitude of dimming. The smaller dip can be referred to as the companion star sheltering the
primary star, and the greater dip to the primary star covering the companion star. However, the sudden
increase in flux (as shown in figure 1, between t = 1776 to t = 1778) is due to the long distance
between the observers and the binary and causing the microlensing effect when the companion star
hides behind the central star. The microlensing effect [9] is the result of general relativity, which states
that a massive object with a strong gravitational field around it can lead to space-time curvature.
Before the fluxes from the companion star reach the observers, they are first bent by the gravitational
field of the primary star. The microlensing effect acts as a convex lens that focuses the flux together,
causing the sudden burst we observe. This is also one method for detecting exoplanets where more
details are in microlensing detection [8].
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Figure 1. This is a typical light curve for TIC 24935204, which states the relation between flux and
time (in BTJD).
Then, by working with the magnitude of the dimming effect, researchers are able to deduce a broad
outline of the radius of the two stars in the binary system. As for the light curve of TIC 24935204, the
dimming only reduces the flux by 2200 e—/s; it is clear to conclude that compared to the primary star,
the companion star is relatively small. The second dip would be the result of a fake transit where the
companion star blocked some portion of the primary star.

Figure 1 also gives us information about the period of transit: 13.5 BTJD days, indicating that the
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stars in the system orbit around their center of mass with a relatively high angular velocity.

Another example is TIC 33419790, an EB (shown in figure 2) with a very short transit period:
about 1 BTJD day. The unexpected slice in the light curve may cause by the default of the telescope’s
camera itself while observing deep space, experiencing cosmic radiations, and broken methods of test
of the reliability of TESS cameras CCD is listed here [10]. However, it doesn’t affect determining the
transit period and stellar properties. Finally, the transit pattern is clearly seen when we convert the
light curve to a periodogram.
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Figure 2: At the top, a short period eclipsing binary star system, TIC 33419790, with the processed
light curve, which shows a typically deep and long transit but no fake transit. At the bottom is the
corresponding periodogram.

2.1.2. Parameters for the orbit of the central stars and their properties. For the stellar systems far
enough away from the observer, the elliptical orbit that the companion star follows can be
approximated into a linear route. By doing so, observers can then obtain a lot more information about
the two stars with the following calculation:

Typical transit dimming [11], and the greatest dimming effect is when the primary star blocks in
between the observers and the companion star, so the lowest magnitude in the greater dimming
represents the magnitude of the primary star in the system. By applying a distance measuring method
and obtaining the distance between our observers and the primary star, we can infer the luminosity of
the primary star with the following equation:

L = 4nd?*f

(1)
where L stands for luminosity in Watts (W), d for the distance between observers and the star in
meters, and f for the flux measured by the observers in W/m?2.

We get the distance the star is away from us by using the parallax method, and then with the
angular radius provided in the database of the TESS telescope, we can get the radius of the central star

by applying Eq. 2.
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Where D stands for the diameter of the central star in meters (m), 0 stands for the angular radius in
arcsecond, and d stands for the distance between the observer and the star in meters(m).

After knowing the radius of the primary star and its luminosity, the following equation will output
the surface temperature of the star:

L = 4mwR%0cT* 3)

where R stands for the radius of the star in meters, T for the surface temperature of the star in Kelvin,
and o is the blackbody radiation constant.
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Figure 3: This is how a companion star affects the flux of the central star through transit.

After obtaining the data from the primary star, we then focus on the companion star. Still, in the
greater dimming, we can result in the flux of the companion star by calculating the difference between
the greatest flux f. + f, and the lowest flux f, and then apply Eq. 1 again, we obtain the luminosity of
the companion star. By assuming that both stars are ideal blackbodies and knowing the surface
temperature of the primary star, we can assign different spectral lines to the companion star and
primary star (which is achievable since researchers know the surface temperature of this star) from the
spectrum observers observed. Researchers can then infer the surface temperature of a companion star
from its spectrum. And then, apply Eq. 3 again to obtain the radius of the companion star.

As drawn in Figure 3, tag is the time required for the companion star to be completely covered by
the primary star. As we know the radius of the companion star and we assume that it is traveling
approximately in a linear motion, we can then result in its radial velocity. With knowing the period of
the system and the radial velocity, we finally obtain the last piece of the puzzle: the orbital radius of
the binary system.

However, in more detail, we need to consider the eccentricity and inclination of the binary star
orbit, which have been done by Kosmas Gazeas [12].
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2.2. Why transits are less efficient in finding exoplanets in eclipsing binaries

Planets themselves are not luminous; they block light from a star when it moves in between the
observer and the star in the background, leading to a decrease in net flux detected by the observer.
Although there would not be a dramatic dimming point showing up on the star due to the interference
feature of light, we are still able to measure the decrease in the net flux. However, there still remain
many disadvantages to this method.
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Figure 4: Why it would be so hard to detect exoplanets: they are small and dim.

Generally, the dimming effect caused by the planet is small and hard to detect; the influences from
other stars, which blur the stars’ spectrum, made the planets even less influential. This largely
decreases the accuracy of finding planets using transit, and observers would need a lot of resources
and time to distinguish a real planet dimming from other causes to enhance the instrumentation [13].
The transit method also requires the planets’ orbits to be strictly aligned from our solar system orbiting
planar at a certain angle.

Otherwise, from our observation, the planet will not travel across the surface of the star and cause a
dimming. As the distance between the observers and the targeted star increases, the orbits of the
exoplanets are required to be aligned more parallel to our solar system planer, else the transit would
not be observed. This strictly confines the number of exoplanets we can find with the transit method.

2.3. Details of the transit method

Despite the limitations of observing a transit, it is still the most commonly used method until recently.
Transits are comparatively easier to observe and analyze, and we have found thousands of exoplanets
with the help of the method; it is needless to say that transit is an effective and powerful method to
detect exoplanets.

2.3.1. Example 1: HAT-P-11b. HAT-P-11 is an orange dwarf star in the constellation Cygnus, 123
light-years away from the Earth. And it is famous for its fast speed.

Figure 5 shows the light curve for this single-star system. From the general transit pattern, we are
very lucky to find an exoplanet inside this system called HAT-P-11b. From the graph, the shown
period is 4.887802443 days, with a size no greater than 0.78% of the central star.

Then, from calculating the mass of the central star using Eq. 1 and Eq. 2. We apply our third
equation to calculate the orbital radius (semi-major axis):

T2 _ 4m?

o “

a3~ GM

754



Proceedings of the 2nd International Conference on Computing Innovation and Applied Physics (CONF-CIAP 2023)
DOI: 10.54254/2753-8818/5/20230483

Where T stands for the period in seconds, a for the length of the semi-major axis in meters, and G is
the universal gravitational constant. From Eq. 4, the semi-major axis is about 0.053AU and knowing
all this information could help us to build a simulated planetary orbit but not our main focus, so we

skipped it.
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Figure 5: This is the processed light curve for TIC 28230919, which takes into account the
background light effect.

We then take a binned light curve and recover it from affirming the existence of exoplanet HAT-P-
11b, and what we can see from figure 6 at the bottom is a difference in the central pattern by using
different apertures. The black lines are those from the telescope itself, whereas the blue one is what we
set for checking the reliability, and it indeed shows a deep dip which is exactly a planetary transit.
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Figure 6: The top graph of the binned light curve, which shows a typical deep transit signal. The
bottom one is our confirmation of this exoplanet HAT-P-11b.

2.3.2. Example 2: HD 191939 b. When checking the light curve for a single star system: HD 191939,
we found that at about 1717.8 BTJD days, the light curve has a dramatic change in flux. Figure 7
shows this phenomenon due to the background light, which may refer to bright light from deep space
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caused by a supernova explosion or the microlensing effect in which the telescope receives light from
the hinder star and is enhanced by the central star.
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Figure 7: Light curve for single star system HD 191939, which takes into account both the target and
background light.

After removing the background light, the graph looks normal but, unfortunately shows an unclear
transit. After we check for each dip, two-time signals at t = 1724 and t = 1732.3 clearly indicate the
real existence of a new exoplanet HD 191939 b with a period of 8.9 days. Still, we try the former
methods and give the parameters below, shown in Table 1.

Table 1: parameters of HD 191939 b.

semi-major axis 0.078 AU
orbital  period 8.9 days
radius 0.3R;

2.3.3. Example 3: Kepler-69 b and ¢. When we look earlier in the history of finding exoplanets, we
found that Kepler Space Telescope also contributes a lot to this field. This spacecraft was launched
into heliocentric orbit following the earth in 2009, and it aims to investigate a part of the earth region
of the Milky Way galaxy to find earth-sized exoplanets in or near the habitable region. So, our sight
takes a glimpse at the Kepler data set. Through the analysis of different quarters, we also found an
exoplanet.

To achieve our goal, we introduce another method embedded inside the periodogram called BLS
(Box Least Squares) which helps us to find another exoplanet Kepler-69 b with an orbital period of
13.7days. And BLS periodogram analysis is the most common method used to identify transiting
exoplanets. BLS works by modeling a transit using an upside-down top hat with four parameters:
period, duration, depth, and reference time. These parameters are then optimized by minimizing the
square difference between the BLS transit model and the observation.
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First, 16 separate quarters’ light curves are stitched together to create a more reliable light curve.
Then, the relation between BLS power and time here is quite unfamiliar, but for each of the periods in
the array we passed in, this plot shows a handful of high-power peaks at discrete periods, which is a
good sign that transit has been identified. The highest power spike shows the most likely period, while
the lower power spikes are fractional harmonics of the period, for example, 1/2, 1/3, 1/4, etc. Finally,
we can pull out the most likely BLS parameters by taking their values at maximum power, forming its
exclusive transit curve pattern.
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Figure 8: Transit light curve for HD 191939 b.

Look further at figure 8. As we increase the number of days for a period to 300, we accidentally find
an exoplanet with a longer orbital period, Kepler-69 c. The parameters are shown in Table 2.
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Figure 9: Further detection helps to find a second planet in this system, Kepler-69 c.

Table 2: parameters of Kepler-69 c.

mass 3.57 Mg
orbital period 242.5 days
radius 171 Re

Through these parameters, we predict that it would potentially be a rocky world, identified as Super
Earth.

Unfortunately, this method does not help us find an exoplanet inside a binary star system because
the planets would seem to be so dim that the change in flux is very small and hard to detect. But binary
star systems do have a bright future because there’s still possible for planets to exist inside a binary
star system which seems to be very destructive for planets to form, and some researchers have found
typical figures like Kepler-47 [14]. After all, we are just looking at some easier and more
understandable features of exoplanetary systems than more complicated analyses like HD 17156 [15].

3. Doppler method

Aside from using the conventional transit method, our research group tries a theoretically better
method, the Doppler method (also known as the radial velocity method [16]). The first exoplanet was
discovered using radial velocities. Queloz and Mayor won the Nobel Prize in 2019 for their discovery
of Pegasi 51b in 1995 [17]. In fact, many suspected planets first discovered by transit are then
confirmed using radial velocities.
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We analyzed the data by using Fourier transform. Different from using a multi-fiber spectrograph
[18], in easy words, our method attempts to trace the Doppler Shifts of the star to infer its movement.
As stated by Newton’s Third Law, when an object exerts a force on another object, there must be a
resultant force from the other object with the same magnitude, but in the opposite direction to the force
exerting the object, there must also be a resultant force from the objects orbiting around a star when
the star applies gravitational forces on them. This indicates that the objects in the stellar system would
also cause the star’s stable periodic orbit to have a small perturbation, but usually, it’s too small that
we could ignore it.

In our simplest assumption, that there is a stellar system with only one planet around the star and
nothing else, the stellar system will act as a binary system; the star will rotate in an elliptical orbit.

POSSIBLE EXOPLANET ORBITS

Low-mass
star

Figure 10: This graph is given by astronomy.com. And this figure shows different types of planetary
orbits in a binary star system, and we focus on the S-type where the effect of planetary Doppler shift is
more considerable.
S-type planets (also known as non-circumbinary planets) don’t have orbits around the binary star
system but only one star from the two. It’s very useful in the Doppler method because it provides US
with a more observable fluctuation in the radial velocity of the central star. However, if a planet’s
distance to its primary exceeds about one-fifth of the closest approach of the other star, orbital stability
is not guaranteed. Whether planets might form in binaries at all had long been unclear, given that
gravitational forces might interfere with planet formation.

The movement of the star will result in Doppler Shifts viewed by the observers. By tracing the
number of shifts versus time, which could be simply done with the help of emission lines, observers

are able to plot a sinusoidal graph.
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Figure 11: Image is from Webb Space Telescope. This graph illustrates how the Doppler shift affects
the spectrum emitted by the central star.

Here, we use a visualized way to show you how Fourier transformation works. Our input signal seems
very messy. However, as we apply Fourier transform, it will be turned into good-mannered, regular
peaks, making it easy for us to extract the required signals.
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Figure 12: How does the original displacement to time relation be transformed into a frequency
diagram, then able to distinguish different separated signals.

4. Conclusion

Conclusively, for our method, each sinusoidal wave we obtain from our data represents an object
orbiting around the star. After analyzing our simplest assumption, we still must admit that there should
definitely be more than one object around the stars in our universe. In most cases, the multiple body
motion will lead to a messy graph due to the superposition of the sinusoidal waves.

But the final data graph the observers should obtain for each star will still be periodic since it is
composed of multiple periodic waves.

Although, as written above, the data from a realistic case seems tougher than those from our pretty
assumption, we can still deal with that. With the help of Fourier Transformation [19], we are able to
extract the frequencies of the sinusoidal waves composing the periodic graph we obtained. Our
method could be applied in a wider range compared to the Transit method.

First of all, with recent technology, scientists are able to detect the Doppler Shifts of cosmic stars
moving at a velocity greater than 1m/s. Our method is more sensitive and more accurate. Secondly,
our method does not require the star we observe, and its stellar planar to be confined within a certain
angular difference from ours. For those stellar systems that still maintain a component in our sight, we
are then still able to detect their Doppler Shifts and analyze them.
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However, the Earth’s atmosphere blurs the data we obtain and might lead to difficulties for us to
extract Doppler Shifts, so our observations might need to be done mostly by special telescopes. This is
also one great reason that we now lack data.

Besides, the effects of Doppler Shifts on the spectrum will decrease as the orbit of the object
around the sun is more tilted from our solar planer. This increases observer bias since we are less able
to see the tilted orbits and hinders us from seeking stellar systems with their planets not confined to a
single planer. Suppose there is a planet’s orbit parallel to our solar planer. In that case, the situation is
worse by dominating the Doppler Shifts and diminishing the effects cast by other planets in the same
stellar system.

To enhance the reliability of our discovery of the exoplanets, we can combine the results from both
methods, the transit and radial velocity methods, together to obtain more persuasive data. As described
above, data from transit methods can finally be processed into the radii of the two cosmic objects and
the distance between them. Also, by measuring the luminosity of a star, researchers can deduce its
mass by hydro-helium equilibrium. Our method does a great job of measuring the velocities of the
star, which can be processed into the radial velocity of the planet we would like to discover. At the
same time, the transit method can also measure a planet's period, which, after calculation, can become
the radial velocity of our observing planet. By comparing these two data, the discovery would be more
convincing if the observation results matched each other; otherwise, it alarmed and reminded the
researchers that they should better reconsider that is there any mistakes during research.
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