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Abstract 

 

Nowadays, exoplanets is one of the hot topics in astrophysics due to both the constant breakthroughs 
and the exhilarating idea of finding life in the space. However, they are not isolated islands in the space, 

otherwise they form part of sophisticated systems with other planets, stars, asteroids and forces, which 
are called planetary systems. To understand how these protagonists interact with each other to ensure 
stability can reveal interesting aspects not only about the other planetary systems, but also about our 
Solar System. In this work, the architecture, properties and evolution of these apparently stable 
planetary systems are investigated. First of all, the methods of detection and theories for planetary 
systems formation and evolution are analyzed, confirming the relevance of processes such as disk 

instability and core accretion models for planetesimals formation, disk migration, eccentricity excitation 
plus tidal circularization, planet-planet scattering, mean motion resonances, secular resonances and the 
EKL mechanism as dynamical processes to explain the actual position of the planets at most of the 
stellar systems. Secondly, by using NASA Exoplanet Archive database, different distribution of the 
discovered exoplanets is studied according to characteristics such as mass, metallicities, orbital 

parameters or multiplicity and some of the outcomes are the following: systems with more than 3 
planets have lower eccentricity values on average compared to systems with only 2 planets, short-

period planets nearest to their stars have a wide range of mutual and individual inclinations. Planets 
around metal-poor stars as well as starts with effective temperature lower than 4200K have higher 
planetary periods or near circular orbits are the dominant and the largest values in eccentricity are in 
giant planets, there are more giant planets around metal-rich stars than around metal-poor stars and 
there is a lack of metal-rich and low mass planets with longer periods or the most common period ratios 
are in the range of 1.5-3.0. The main study is done by using a software for orbital dynamics and close 
encounters called Mercury Code and developed by Chambers. The study is focused on three planetary 

systems (Trappist 1, GJ 667 C and Teegarden) and their evolution in some disruptive events such as 
introducing a new planet with certain characteristics in the stable system or by varying the mass or the 
orbital parameters of the existing planets. The systems are propagated for each case 35.000 years to 
see how these planets achieve stability and study their orbital modifications, collisions and ejections. 
Some of the outcomes were that multiple planetary systems (the first two) are highly vulnerable to 
perturbations rather than systems with only two planets (Teegarden) and the period of instability lasts 

much longer. Introducing intermediate planets is more disruptive than planets in the inner or outer part 

of the system. On the other hand, parameters such as inclination and eccentricity break the equilibrium 
more than others such as mass. 
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Sammanfattning 
 

 

I denna studie utforskas framväxten, egenskaper och arkitekturen av olika planetsystem. Detta är viktigt 

eftersom exoplaneter fått stor uppmärksamhet inom rymdforskning. Vi kan skapa en bättre förståelse för 

dessa genom att studera deras positioner och stabilitet i kombination med andra planeter som kretsar 

kring samma värdstjärna. Under de senaste åren har antalet upptäckter av exoplaneter ökat kraftigt. 

Ökningen beror framförallt på förbättrade metoder och teknologisk utvecklingen. Radiell hastighet, 

Transit fotometri, Gravitionell mikrolensing, Direktavbildning och Astrometri, vilka är de huvudsakliga 

detektionsmetoderna, kompletteras med mer sofistikerade metoder. För att förstå arkitekturen av 

planetsystem är det av intresse att ha en uppfattning om hur enskilda planeter bildas (I denna studie 

förklaras både historiska och moderna teorier om hur en planet formas). Dock uppvisar inte alla 

exoplaneter samma egenskaper som de i vårt solsystem (stenplaneter med mindre avstånd sinsemellan 

nära solen och gasjätteplaneter med större avstånd sinsemellan längre bort från solen) och många nya 

konfigurationer fortsätter att upptäckas. Arkitekturen av olika planetsystem förklaras av dynamiska 

processer, vilka utforskas i detta arbete, så som Planet-planetspridning, medelrörelseresonans, Kozai-

Lidov-mekanism, gradvis diskmigrering eller hög excentricitetmigration. Med hjälp av NASA:s databas 

studeras fördelningen av exoplanter i termer av massa, radie, halvaxel, excentricitet, mellanrum, 

metallicitet och multiplicitet. Denna analys ger viss information om den nuvarande arkitekturen av 

planetsystem samt bevisar de tidigare nämnda processerna.  

En orbital propagator(Mercury code), vilken simulerar ett planetsystem, kommer att användas för att få 

fram flera intressanta resultat. Användaren kan bestämma de initiala parametrarna för planeten (så som 

massa och orbitala parametrar), parametrarna för värdstjärnan samt tidsspannet för simulationen. 

Resultaten används till att studera hur dessa planeter uppnår stabilitet samt deras orbitala modifikationer, 

kollisioner och utkastande. Detta görs genom att använda olika sammansättningar av initiala parametrar 

eller genom att, exempelvis, införa en ny planet i systemet. Planeter av en liknande storlek som vår och 

som ligger inom den beboeliga zonen är av särskilt intresse för framtida studier. För att studera stabilitet 

är planetsystem med ett stort antal planeter att föredra eftersom det sker fler interaktioner mellan 

planeter. Trappist-1, GJ 667 C och Teegarden är de utvalda systemen. 
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1. Introduction 
 

On the Earth, life has evolved during almost 4000 million years resulting in a high diversity, representing 

a rich biosphere. 20th century technology gave us the opportunity to explore the space, where we also 

have explored our neighbor planets looking for a second Genesis; nothing was found.  But beyond our 

solar system? Could life exist on a planet around other stars? The searching for exoplanets could answer 

the most ancient question of humankind; Are we alone? Is there life and how could it arise? We are the 

first generation with the technology able to respond to that question.  

Examples of the recent relevance of exoplanets in space science is noted in the large number of missions; 

PLATO, CHEOPS, TESS… from the principle space agencies as NASA and ESA. Since the first extra solar 

planet was detected in 1994, more than 4000 of them has been found [1]. The evolution is going on 

unstoppable and with higher accuracy and sensibility allowing to be able to detect smaller and fainter 

planets. However, there are still some open questions regarding important aspects of this new exploration 

trend. Some of them have been studied in this project such as planetary architecture and evolution, 

planetary formation, characterization of the exoplanets, etc. 

There is a wealth of data available regarding exoplanets to study different types of stars and their 

environments, which has enabled to constrain models and theories on star and galaxy formation and to 

place our own galaxy and star amongst them. This is the goal of this thesis; to give some clues and help in 

the understanding of planetary system formation and evolution focusing on the most interesting areas, 

i.e. the habitable zone reaching interesting outcomes about planetary characterization as well as 

planetary systems evolution facing instabilities.  

In chapter 2 a brief recapitulation of the exoplanetary detection history is presented, highlighting the 

recent Kepler mission; which has been the most successful one. In chapter 3 the different methods and 

techniques for detecting of exoplanets are analyzed focusing on the main advantages and drawbacks of 

each one. The second chapter serves as an introduction and the third one aims at providing better 

understanding of the planetary parameters for the following analysis. 

In chapter 4 different theories for the formation and evolution of exoplanets are studied. Also, some 

complicated planetary system architectures are explained. For this, different dynamical processes are 

used and explored such as planet-planet scattering, disk migration, eccentricity excitation by tidal 

circularization (Kozai-Lidov mechanism), mean motion resonances, classical secular evolution.  

In chapter 5 using extrasolar planets from NASA Exoplanet Archive and other databases an analysis of its 

characteristics such as radius, mass, metallicities are performed. Furthermore, if they are located in the 

habitable zone or not and the consequences it entails. This will give several clues for explaining the 

architectures found. 

In chapter 6 we present study of the habitable zone and select 3 interesting planetary systems in order to 

perform a study of their evolution. The specific multi-planet systems were chosen from NASA Exoplanet 

Archive and studied with the “Mercury Code” [2], focusing on how these planets can move to or be part 

of the habitable zone of the host star. The code was run for different planetary systems and conditions. 

For this analysis, GJ 667 C, Trappist and Teegarden planetary systems were used. 
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2. Evolution of detections 
 

 

Nowadays, it is known that almost all the neighborhood star’s harbor at least one planet. Thus, according 

to this, there are as much planets as stars. It can be obtained an undoubted outcome; exoplanets are very 

diverse and surprising.  

The discovery and confirmation of the existence of planets outside our solar system was in 1992 and by 

Aleksander Wolszczan and Dale Frail when three exoplanets were detected around a pulsar PSR1257+12 

in the constellation Virgo (an unexpected environment) [3].  

In 1994 through observation of around 100 stars, Michel Mayor and Didier Queloz, looking at very small 

fluctuations in the velocity of the stars could discover something in the orbit of one of those stars. They 

discovered the first exoplanet orbiting a “normal” (main sequence) star 1995 at the Haute-Provence 

Observatory (Dimidium or 51 Pegasi b). Also, its mass, the distance to the star and the duration of its orbit 

were calculated. It was a gaseous giant, like Jupiter, but with a period of only 4 days and a closer distance 

to the star than Mercury from our Sun [4]. This was unexpected based on what we know from our Solar 

System; the theory of formation of giant planets predicted that they only orbit with periods longer than 

10 years in the cold areas (from -100 to -250 Celsius degrees) [5]. Contrary to this, this planet is so close 

to the star to have temperatures of 2000 degrees. 51 Pegasi b was not a second Earth but it opened a big 

window for the future. 

Pulsating stars pose a challenge for planet detection [6] via radial velocity, because expansion and 

contraction of the star can be associated to a planet coming closer and moving away. But if you wait for 

the planet to pass in front of the star and see the transit, those planets would be confirmed.  Like in a 

partial eclipse, the shape and size of the planet could be derived. However, for the planets to be 

detectable by transits, the planetary orbit must be perfectly aligned with our line of sight, which is the 

case only for a small fraction of systems. At the time of the first transit method discovery (planets in HD 

209458 host), 10 Hot Jupiter had been detected by radial velocity method. With the mass and its size, 

their density would be available. In the same year, 1999 the first multi-planet system was detected in the 

Upsilon Andromedae system.  

In 2001, two important events related to the search of life were achieved. On one hand, the first planet 

found within the habitable zone; HD 28185b. It is six times as massive as Jupiter and was detected at La 

Silla observatory in Chile. On the other hand, first measurements of the atmospheric composition of an 

exoplanet (HD 209458 b) were done. It was done by David Charbonneau and Timothy Brown by using the 

Hubble Space Telescope spectrometer [7]. 

Two years later Spitzer Space Telescope was launched in order to analyze exoplanets by infrared radiation 

and in March of 2005 the first light emanating from a planet itself was obtained, resulting in the first direct 

observation of planets (by infrared light). Those planets are HD 209458b and TrES-1. Also, using this 

telescope Charbonneau and Knutson created the first map of an exoplanet’s surface (HD 189733 b) and 

the first complete spectra of gas giants HD 209458 b and 189733 b was obtained in 2007 [8]. 
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In December 2006, the CoRoT space telescope mission was launched with a major goal of detecting and 

characterizing transiting exoplanets. During the six year of operation, 34 exoplanets were detected [9] 

The next step is to seek an exoplanet similar to the Earth in order to find a body with the conditions to 

develop life. But an Earth-like planet is very tiny and difficult to detect in contrast with a hot Jupiter. The 

Kepler telescope/mission, launched in 2009, was designed for searching planets as our Earth. At the 

moment it was the biggest camera in the cosmos; with 95 million of pixels. Kepler explored a certain area 

in the sky for 4 years, taking instant snapshots every 30 minutes. It detected more than 3000 potential 

planets through transits by the date. The orbital period is obtained from the observations and through 

Kepler 3rd law, the distance between the star and the planet can be extracted. It found rocky planets as 

Kepler-10b, lava planets (rocky and very close to the star; molten state), ice planets (sufficiently far away 

from the star that all every water and carbon dioxide has crystallized into ice like in our solar systems icy 

moons), planets orbiting various stars (complicated dynamics) like a 10MJ planet in a quadruple stellar 

system, water worlds (through density analysis) with 50% of water by mass, stars with multiple planets 

(majority of them), planets in very old stars as Kepler 444 (11.2 billion years old, which would give enough 

time for sophisticated life to evolve), nomadic planets floating through the galaxy and unbounded to any 

star (detected by microlensing), super Earths (1.25-2 RE) between Earths and Neptune (interesting if they 

are more similar to Neptune or Earth that are radically different). An interesting planet was discovered in 

April 2014 (Kepler-186f); the very first rocky Earth-sized planet in the habitable zone at 500 light years 

away from us [10].   

In 2013, NASA and Lincoln MIT laboratories started the TESS mission in order to explore the closest small 

stars with planets in the habitable zone. The exploration would comprise the whole sky, scanning the 

closest stellar systems (they predict to find around 50 exoplanets like the Earth to be explored). Its launch 

was in April 18, 2018 and the survey will last two years [11]. 

Regarding to the future missions, one of the main obstacles that is necessary to face is to avoid the 

blinding light of the stars that darken the exoplanets like our Earth. James Webb Telescope will make 

visible the invisible allowing, among other capabilities, to observe the atmosphere of the exoplanets. It 

has the most developed infrared camera as well as incorporates a coronagraph were the star light is 

blocked, like in an eclipse, with a mask and allowing the infrared light of the planet to pass, thanks to this 

it is possible to have a direct image of the exoplanet and measure the luminosity, temperature as well as 

atmospheric components as ozone and ammonia which are absorbing radiation in that wavelength region 

(mid-infrared) [12]. Traces of ozone could indicate the presence of life. However, recently, several abiotic 

mechanisms have been identified, which could produce abundant oxygen or ozone [13]. James Webb 

Telescope could be the definitive mission to identify a potential destination for a future mission of 

exploration. Figures 2.1 and 2.2 show the number of planets detected by method and by year and the 

celestial location of the planets discovered by method (by February 2017, 3461 exoplanets represented 

at the image) while Table 2.1. presents the discovered planets ranging by mass and radius. 
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Figure 2-1: Exoplanet’s historical detection (Source: [1]) 

 

Figure 2-2: Location of each planet detected and by method (Source: [1]) 
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Table 2.1: Exoplanet database ranged by mass and size (Source: [1]) 

 

Statistical analyses of discovered planets show that planets with sizes between 2-6 times the Earth are 

the most common (providing good conditions for life). The Habitable Zone is usually occupied by at least 

one planet. 1/10 of solar-like star and 50% of M stars harbor an Earth-size planet in the HZ (potentially 

more than 80 billion Earths in the HZ, but only 361 confirmed at the moment) [1]. 

Overall, 3 aspects we have learnt [14]: 

1- Every star we look at has a high probability of hosting at least one planet. 

2- Nature is more efficient at producing smaller planets than large planets. 

3- 22-25% of stars host rocky planets with the size of the Earth and inside the habitable zone of their 

star. 
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3. Methods of detection  
 

The big problem about exoplanets is that they are not possible to be observed directly since the star’s 

luminosity outshines their planets; the planets are very small and weak in terms of luminosity 

compared to the stars, they only reflect the light emitted by the host star. Thus, it is difficult to obtain 

a direct image of the planet. To overcome that obstacle, astronomers found a method to catch 

exoplanets on the sky. To detect a planet orbiting a star you have to rely on indirect methods. All of 

these methods that, during the last years, astronomers have developed and improved are focused 

not on the planets but on their stars. Among these methods, radial velocity (736 exoplanets detected 

through this method), transit photometry (3050 exoplanets), microlensing (75 exoplanets), 

astrometry (1 exoplanet) and direct imaging (45 exoplanets) are the main techniques. Eclipse Timing 

variations (9 exoplanets detected) and Transit Timing Variations (16 exoplanets discovered) are other 

alternative methods used [15].    

 

3.1.  Radial Velocity 
 

This method is considered as the Doppler method because its basis is the Doppler effect on stellar 

spectra. It is the most effective technique and usually complemented by a transit analysis to get 

the vast majority of planetary parameters. Through the orbit of a planet and its gravitational tug, 

the host star moves slightly in a small ellipse or circle. This change in the position affects the 

spectrum of the star. Thus, if the star is moving away from the observer, its spectrum will be 

slightly shifted towards the red and if the star is moving towards the observer, it will be shifted 

towards the blue, see Figure 3-1.  

 

Figure 3-1: Radial Velocity method explanation (red and blue shifted variations) (Source: [16]) 

Using extremely sensitive spectrographs as the main tool; for example, the one used by the UC 

Berkeley (Geoff Marcy team) which has detected almost half of the discovered exoplanets, it is 

possible to detect very slight movements (of around 3m/s) from the star towards the Earth and 

away from it [16]. The periodic shifts at fixed days, months or years intervals to the red and blue 

of the star’s spectrum reveals the existence of a body orbiting the stars; a planet if it has a low 

mass. 
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Concerning the advantages of the radial velocity method, we highlight the following two features 

over the others: 

1- It is the most effective and easiest method to detect extrasolar planets from Earth 

2- It represents the first method that has been successfully used for identifying other worlds  

51 Pegasi b was the first exoplanet discovered through the radial velocity method. It is considered 

a hot Jupiter (mass similar to Jupiter’s but even closer to its star than Mercury to our Sun). Its host 

star, Helvetios, is located at 15.47 parsecs from Earth and is a solar-type star (effective 

temperature, mass and radius very similar to the Sun) [4]. 

 

 

                                                                          

 

 

  

 

Figure 3-2: 51 Pegasi radial velocity curve (Source: [4]) 

 

The radial velocity graph, such as the one represented at Figure 3-2, has the typical sinusoid shape 

which gives us the period (distance between two successive maxima or minima of the curve). 

Highly eccentric planetary orbits are represented by large differences between the maximum and 

minimum of the velocity in the graph with respect to the null value. Using the third law of Kepler 

of planetary motion and introducing the period P and stellar mass M_star, the planet’s distance 

from the star (r) can be derived.  

𝑟3 =
𝐺𝑀𝑠𝑡𝑎𝑟

4𝜋2
𝑃2    [1] 

Also, through the orbit equation the velocity of the planet around the star can be calculated: 

𝑉𝑝𝑙𝑎𝑛𝑒𝑡 = √
𝐺𝑀𝑠𝑡𝑎𝑟

𝑟
    [2] 

Finally, the mass of the planet can be derived from the momentum conservation equation: 

𝑀𝑝𝑙𝑎𝑛𝑒𝑡 =  
𝑀𝑠𝑡𝑎𝑟𝑉𝑠𝑡𝑎𝑟

𝑉𝑝𝑙𝑎𝑛𝑒𝑡
    [3] 

Where 𝑉𝑠𝑡𝑎𝑟is given by the amplitude of the graph K (observed Doppler velocity) 

𝐾 =  𝑉𝑠𝑡𝑎𝑟 sin 𝑖     [4] 
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The inclination i is the angle between plane perpendicular to the line-of-sight and the plane of the 

planet’s orbit.  

This is a drawback of the radial velocity method; it can only estimate a minimum value for the 

planet’s mass (𝑀𝑝𝑙𝑎𝑛𝑒𝑡 sin 𝑖). It entails a problem to distinguish between low-mass stars and 

massive planets. Only for planets in an orbital plane oriented “edge-on” when observed from the 

Earth the mass can be accurately derived (all of the movement of the star will be away or towards 

to us). On the other hand, for planets in orbital planes “face-on” us there is no movement towards 

or away from the Earth; no spectrum shift will be detected, no planetary detection. Usually the 

orbital plane of the planet is neither “edge-on” nor “face-on” but tilted at some angle from the 

line of sight, i (which is unknown). In that cases, the spectrograph only detects a component of 

the wobble of the star that moves towards or away the Earth.  Lower i angles, close to “face-on” 

position represent that the true mass of the planet is higher. 

Regarding to another disadvantage, this method usually detects “Hot Jupiters” since they are the 

easiest to be detected by spectroscopy (large and massive as well as with short periods and very 

close to their stars). These planets are the less available to be hosts to life as well as their presence 

at the center of a planetary system makes very difficult for planets like the Earth to survive in their 

neighborhood [16]. 

 

3.2.  Transit Photometry  
 

Transits are the main technique and the principal method in order to detect exoplanets; more 

than 3000 from all the near 4000 extra solar planets have been detected using this method up to 

date. When a planet passes (transits) between the star and the Earth, the star’s light experiences 

a dimming at fixed length times and regular intervals (every orbital period of the planet). The 

brightness depth (luminosity dip), how much light from the star is blocked, gives the star to planet 

size ratio; the decrease in luminosity is larger if the star is small and the planet big (see Figure 3-

3). Also, the time span from the start of the eclipse to reaching the full eclipse represents the 

planet’s size. Thus, this method can be combined with radial velocity data in order to obtain the 

mass of the planet because the planet have to be necessary with an orientation “edge-on” to 

Earth and then 𝑠𝑖𝑛 (𝑖 = 90º)  =  1. With the mass and size of the planet it is possible to calculate 

the planet density.  

In addition, transits give some extra interesting information. Through to secondary transit (when 

the planet completely disappears behind the star) and the primary transit, it is possible to derive 

the planet’s spectrum by deducting the star's spectrum in both cases. Also, the star’s light that 

crosses the atmosphere of the planet is absorbed at different wavelengths depending on the 

gases present in the atmosphere making it possible to deduce the atmospheric composition [16].  
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Figure 3-3: Example of transit method (Source: [16]) 

Some of the principal projects for detecting transits were the ground-based project TrES (Trans-

atlantic Exoplanet Survey) and the space mission CoRoT (Convection, Rotation and planetary 

Transits), but the space-based mission Kepler has been the milestone in the search for exoplanets. 

Its basis is a photometer that continuously focuses on a concrete star-field of 150,000 stars where 

hundreds of Earth-like planets in terms of size and mass have been discovered and some of them 

within the habitable zone. 

Regarding to the disadvantages, it is limited to short period planets since the transit only lasts a 

small fraction of its orbital period; hours or days compared to months. In addition to that, 

astronomers need to detect repeated transits at regular intervals to confirm the detection. Also, 

the main difficulty is that only a minority of distant planets are oriented “edge-on” to the 

observer. Another extra problem is the confusion with binary stars creating “false positives” 

extrasolar planets discovered [17]. 

Some exoplanets have been discovered by using a variant of the transit method called Transit 

Timing Variations (TTVs). When, in a multiple planetary system, the orbit of an exoplanet is 

perturbed by another unseen companions, transit timing variations are produced, and the 

presence of companions can be derived and detected. Pulsation and Eclipse Timing Variations are 

other sub-methods to detect exoplanets. 

 

3.3   Direct Imaging  
 

This method entails extreme difficulties insomuch as the brilliant glare of the stars hides the in 

comparison small planets. However, the planet in certain special cases can be imaged; when it 

orbits around a brown dwarf (much dimmer than a regular star). Examples of these detections 

are the following (45 up to date): 
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Figure 3-4: 2M1207 direct imaging detection (Source: [16]) 

 

- 2M1207: Detected in July 2004 by the ESO VLT Array and with higher mass than Jupiter. Its 

host star is a brown dwarf at 52 pc from Earth. It is the first extra solar planet detected and 

imaged directly, see Figure 3-4. 

- Fomalhaut b: Detected in November 2008 by using the HST (Hubble Space Telescope). 

Fomalhaut is surrounded by a thick disk of gas and dust and there is a sharp inner edge of the 

disk which could be explained by a planet that has cleared out debris from its path. Finally, 

focusing the exploration, a planet (1.8 times Jupiter mass) was located in the Hubble images 

of the disk. 

- HR 8799 b,c,d: Detected in November 2008 by a group of astronomers, 3 planets from the 

same planetary system were detected in the infrared range. Their host star is a young star 

and its planets still present some of their formation heat (registered in the IR). 

Direct imaging has the universal advantage that it is psychologically preferable to other methods 

since for humans to see directly gives high confidence, “seeing is believing”. In addition, this 

method gives extra information about the planet (planets with rings as in the Fomalhaut b case, 

infrared radiation gives clues about the planet mass). 

Up to now only big, gaseous, young, hot and self-luminous planets have been directly imaged. It 

is necessary to dim the light of the star to see the close by planets (Earth-size planet in the 

habitable zone of a Sun-like star is 10 billion times fainter). Two techniques are: 

Coronagraph: block the light inside the telescope 

Star-shade: block the light outside the telescope (two spacecrafts that separates and 

communicated with each other; the telescope and the blocker of star-light) 

The effects of diffraction have to be taken into account. Due to bending of light information may 

be lost. It is necessary to use petals to avoid this problem.  

Nevertheless, it is not a good candidate for future large-scale exoplanet surveys since it is only 

valid for bright planets orbiting at a great distance from a nearby (to us) star and specially for 

planetary systems positioned “face-on” observed from Earth [16].  
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3.4   Microlensing  
 

The microlensing method is the only known technique able to detect planets at thousands of light-

years away, even close to the center of the galaxy (compared to radial velocity techniques that 

look for planets up to 100 light years or transits until hundreds of light years; our neighborhood). 

The method is based on an astronomical effect predicted by Albert Einstein within his Theory of 

General Relativity.  

When in between the source star and the observer there is another star (close to the line of sight, 

i.e. the direction of the light rays), the light from the source star will slightly bend due the effect 

of gravity. Thus, the two stars appear farther apart than they really are. If the position of the 

source star is exactly behind the intermediate star, the effect explained previously is multiplied; 

the star is “lensed” creating an “Einstein ring” with the light rays passing on all sides of the 

intermediary. One of the consequences of this phenomenon is a dramatic increase (1000 times) 

in the brightness of the lensing star lasting few months or weeks when the source star moves out 

of alignment with the intermediate star and the brightness decreases (microlensing event). Figure 

3-5 shows this process.  

If the lensed star has a small companion which crosses one 

of the two light streams emanating from the source star, a 

third image of the source star is generated due to planetary 

gravity. This spike in brightness lasts only several hours or 

days and is superimposed upon the microlensing event 

regular pattern. This microlensing light-curve shows 

accurate characteristics of the planet such as its total mass, 

orbit and period. Figure 3-6 is an example of a light-curve 

[16]. 

 

Figure 3-5: Example of microlensing technique (Source: [16]) 

 

Figure 3-6: Microlensing light curve of OGLE-2005-BLG-390 (Source: ESO PR Photo, 2006) 
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The main strength of this method is its capability to detect the furthest and smallest bodies compared to 

any other method. An exoplanet of five Earth masses was discovered at 22,000 light years-away in 2006. 

Also, this method is appropriate to detect planets at large and moderate distances from their star 

(importance to combine these analysis and searches with radial velocities and transit ones). It is also 

possible to target thousands of planets simultaneously. Finally, the method is very useful in the search for 

Earth-mass planets due to its “facility” to detect low-mass planets at relatively large distances from their 

hosts. 

The main disadvantage is that planets detected by microlensing only can be observed one time (not 

repeatedly like in other methods) because the microlensing events are unique and that the method is 

dependent on rare and random events making the discovery of planets unpredictable. OGLE–2005-BLG-

390Lb is an example of detection using the Optical Gravitational Lensing Experiment which has found the 

first three exoplanets through this method using a 1.3m telescope in Chile. The telescope points at a 

region close to the galactic bulge noticing any change in brightness. OGLE detects roughly 500 

microlensing events every year, although planetary discoveries are very rare. As soon as a microlensing 

event happens, OGLE contacts a network of telescopes more specialized in the search of planets [18].   

 

3.5.  Astrometry  
 

This method is based on the art of precision measurements of a star's location in the sky. The key aspect 

is to look for a regular and minute wobble in the star’s position (due to an object orbiting). Only two 

exoplanet have been discovered by astrometry up to date (The two lowest-mass objects detected are HD 

176051 b and 2MASS J0249-0557 (AB) [15]. However, it constitutes a valuable method for future 

observations because of its unique properties. Among them, this method gives an estimation of the 

planetary mass accurately (unlike the spectroscopic method) and the planetary orbit does not have to be 

in near-perfect alignment with the line of sight from the Earth (unlike the transit method). It is most 

sensitive to “face-on” alignments since large movements can be measured as well as for long planetary 

periods (far from their stars small planets can be detected; interesting for the Earthlike planets search), 

see Figure 3-7 [16]. 

Regarding the drawbacks, three are the main ones. Astrometry requires a high precision for the 

measurements (only achieved by space telescopes), and it is extremely sensitive to the distance Earth-

star since the farthest stars’ displacement cannot be as easily detected than in a star in our solar 

neighborhood. The third disadvantage is that measurements of long period planet entail several months 

or years of continuous observations in order to detect repeated periodic displacements of its host star. 

An additional interesting problem is related to the existence of darker regions on the surface of a star that 

move the photometric center (exact location of the star in the sky for our instruments), creating a false 

wobbling.  
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Figure 3-7: Astrometric measurements (Source: [19]) 

The results from ESA’s Gaia mission which has a 10 microarc-seconds precision would give important 

discoveries and insights for planets orbiting M-type dwarfs within a distance of 320 light-years. This type 

of stars is the most interesting one in the search for habitable exoplanets since they are the most 

abundant in our Galaxy and the effective temperature and mass is more appropriate. And, because of 

their size, they are more vulnerable to wobbles produced by planets [19]. 
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4. Formation and evolution of planets and planetary systems 

(dynamical processes)  
 

 

4.1. Formation of planets – historical views 

 

With the discovery of the first planetary systems, we have just noticed that the classical explanation of 

our solar system formation and architecture is not universal for the variety of systems around other stars. 

As a recap of our Solar System we list the average and range of eccentricities and inclinations with respect 

to the ecliptic of the orbits of the eight planets, and the spacing which is the distance between two 

consecutive planets [1]: 

𝑒𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 0.06 [0.007 − 0.21] 

𝑖𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 2.4º [0.8 − 6.3º] 

    𝑆𝑝𝑎𝑐𝑖𝑛𝑔 𝑜𝑟𝑏𝑖𝑡𝑠 =  [1.4 –  3.4] 𝑟𝑎𝑡𝑖𝑜𝑠 

The system consists of four inner rocky planets and four outer gas giants with an asteroid main belt 

between; which represents the remains of the planetesimal disk out of which the planets formed.  

Regarding the different planetary system formation theories, they can be grouped in two subgroups: 

monistic planet formation and dualistic theories. The first ones suggest that planetary and star formation 

are closely related whereas the second theories argue that planets arise from events distinct from star 

formation [20].  

“Laplace’s Nebula Theory” is an example of a monistic theory; planets are formed within the same gas 

cloud as the star. Firstly, a slowly rotating and collapsing gas and dust sphere starts to flatten along the 

spin axis (critical lenticular form). The material in the equatorial region is in free orbit and annular rings 

left behind in equatorial plane start to form. Finally, one planet is condensed at each ring with the star at 

the center. However, it is not completely clear that gravitational attraction between materials in the rings 

could overcome inertial forces. It is not enough with the matter of the planets formed to overcome this 

effect (case of the Solar System); higher levels of mass are needed [21]. 

Among the dualistic theories, the most representative ones are “Jeans Tidal Theory” and the “Capture 

Theory”. The first theory involves the interaction between a star and a very massive star; first the massive 

star enters the Roche limit of the star pulling out material in a filament form which is gravitationally 

unstable [22]. Thus, it breaks into small bodies but large enough to exceed the Jeans’ critical mass, and so 

forming proto-planets due to collapse in orbit around the star. Looking at figure 4.1, the breakage is as 

follows: small density excess at A, then material in B and B’ starts to move towards A due to gravitational 

attraction, finally, material at C and C’ generate high density areas at D and D’ due to an outward force 

[23]. 



 

20 
 

 

Figure 4-1: Jeans Tidal Theory (Source: [23]) 

 

However, very massive stars are extremely rare in our neighborhood. In addition, looking at our solar 

system, Jupiter should have similar rotational period as the Sun if the material were stripped away from 

our star and this is not the case (10h with respect to 26 days respectively). 

The capture theory represents an improvement of the tidal theory. The main star interacts with a nearby 

protostar, also, dragging a filament from the protostar as can be seen the process in figure 4-2.   

 

Figure 4-2: Capture Theory (Source: [23]) 
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The filament fragments to produce several protoplanetary condensations. In this theory, the Sun’s low 

rotational speed is explained by the fact that it formed before the planets. Terrestrial planets formed due 

to collisions between protoplanets close to the main star and giant planets and planetary satellites due to 

condensation in drawn out filaments. However, the drawbacks of this theory are that the planets should 

spiral into the Sun and not begin to encircle it, the satellites should have crashed into the Sun or planets. 

Also, the theory cannot explain why both the Sun and the planets have the same apparent age (4.5 Gyr) 

[24]. 

 

4.2 Formation of planets - modern theories   

 

Overall, for the modern views of solar system formation, they entail first a disk formation, followed by a 

dust sedimentation in the disk. Then, planetesimals are formed which are the embryos for solid and 

gaseous planets formation before the disk dissipation. This is properly summarized in the Solar Nebula 

Theory which explains the formation of our Solar System [47].   

First of all, a cloud collapses when its mass exceeds the Jean’s mass. Because an enhancement of local 

density, gravity pulls material in the cloud and gas pressure reacts negatively and, if gravity is stronger 

than pressure, the cloud collapses. During the collapse, potential energy is converted to kinetic energy 

from the conservation of energy and the temperature increases. The solar nebula is hottest near its center 

where there is more mass present (protosun) and some energy is radiated away thermally. The second 

step is called the ‘spinning’ step, this is based on the spinning up of material to conserve angular 

momentum as it collapses. This rotation allows that some material will not collapse onto the protostar 

and be available along the equator (more angular momentum, more material out form the protostar). The 

third step consists on the flattening of the sphere due to this rotation onto a disk because of geometrical 

considerations and gravitational acceleration directed radially to centre (only the acceleration of rotation 

plays a role, but it is directed perpendicular to the rotation axis).  

The fourth step is the condensation in “seeds” when solid and liquid particles condense out of a gas before 

gravity acts and draws them together. This process is highly dependent on temperature. There is an ice 

line where T=0º C (actually at 3 AU from the Sun) that makes a threshold for the formation of rock silicates 

and metals or carbon compounds and ices. This is the reason for terrestrial planets interior to Mars (where 

the nebula temperature is lower than 400 K) and gas and ice planets beyond Mars (where the nebula 

temperature is lower than 300 K). Metals such as iron or aluminum condensate at 1000-1600 K, rocks such 

us silicates at 500-1300 K, hydrogen compounds as water or methane at temperatures below 150 K and 

light gasses which comprises 98% of the nebular mass never condensate. Inner planetesimals grow slower 

than outer planetesimals (less available material).  

From these micron-sized dust and gas subject to aerodynamic forces rocks with sizes of around 10 km are 

formed; so-called planetesimals. When the planetesimals interact via gravity (around 500 million of them 

[48]), terrestrial planets and giant planet cores are formed and if these planets reach masses higher than 

10 Earth masses a giant planet could be formed because interactions become sufficiently strong to 
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capture envelope from the protoplanetary disk. This growth of solid particles or grains is due to collisions 

and is called accretion. Accretion proceeds both due to gravitational attraction or geometric cross section: 

the first one from direct collisions on grains and the second one via sweeping-up material from a region 

larger than the proper grain diameter. The first form of accretion dominates meanwhile the objects are 

smaller, these planetesimals are closely packed and they coalesce into clumps of larger objects of around 

few kilometers. At these sizes, growth via collisions starts to be unstable and here is when gravitation 

accretion dominates forming protoplanets. In this phase, gravity is more important (due to bigger objects) 

and accretion entails larger volumes; typically, one object dominate a region. The final stages in a 

terrestrial planet formation are violent and dramatic. As a detail, an example of planetesimals that did not 

form a planet when the disk dissipated is our asteroid main belt [48].       

For the formation of giant planets out of the protoplanetary disk two models are the predominant: the 

core accretion model and the disk instability model. The first one is based on a core of heavy elements 

formed by coagulation of solid dust grains and ices which proceed to stick together until the size of the 

objects is about 1-100 km (planetesimals). Gravity starts to act with a considerable intensity and when the 

escape velocity of the formed core is higher than the thermal speed of the surrounding gas, then gas 

begins to accrete around the core (thermal pressure determines in each case the growth rate). This 

accretion continues until there is no gas in the gravitational reach of the planet. The large occurrence rate 

of giant plants around metal-rich stars (above solar metallicity) and our solar system composition are 

proofs of this model [25]. Interestingly, the wide diversity of intermediate mass planets is explained by 

the different birth environments and conditions in the protoplanetary disk [26]. 

The second one is based on a gravitational instability of the disk that creates self-gravitating clumps of gas 

and causes the protoplanetary disk to rupture. Disk fragmentation occurs easily in the areas where the 

gravity and density are higher, and the temperature is low in the disk; according to the “Toomre Criterion” 

(see Eq. [5]) where 𝑐𝑠 is the speed of sound (indicator of thermal pressure), G is the Newton’s gravitational 

constant, 𝜎𝑔is the disk’s surface density and 𝜅 is the frequency of oscillation for a fluid radially displaced 

(Rayleigh discriminant). The stability criterion is Q>1. For disk fragmentation Q must be lower than one 

[27].  

𝑄 =
𝑐𝑠𝜅

𝜋𝐺𝜎𝑔
         [5] 

In these regions of higher radiative cooling rates and lower Q, a large number of planets would be formed, 

and these regions are located further out in the protoplanetary disk (tens of AU). This model explains the 

formation of gas giants with large mass on wide orbits as Fomalhaut b at 119 AU and the HR-9799 system 

(four giant planets at 15 to 64 AU). 

 

4.3 Actual planetary system architecture 
 

By the time of the first exoplanet discovery, the only explanation of the architecture of planetary systems 

was based on our solar system. However, with the evolution of detections, scientists have realized that 

new theories, models and explanations are mandatory to understand the wide variety of systems. 
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For the architecture of planetary systems found, some dynamical processes can explain the wide 

distributions, but not in a universal manner and a combination of them is the most reasonable approach. 

Two of the main problems are: the existence of a large number of hot Jupiters (masses larger than that of 

Jupiter and with orbital periods of few days) and the misaligned orbital planes of some planets with 

respect to the rotational axis (equatorial plane) of their host; tilted or even retrograde (but also the past 

midplane of the protoplanetary disc could be misaligned with the present stellar equator). 

Giant planet formation must occur beyond the water-ice line (ice condensation inside the protoplanetary 

disc) because in that areas there are larger quantity of solid material needed to form big planets. Then, 

they migrate towards their host stars and for this “hot-Jupiters migration” there are two potential 

different mechanisms: 

 

 Gradual Disk Migration 

 

Disc-driven migration is due to damping by the disc and yields mainly circular orbits and spin-orbit 

alignments. Disc-planet interactions for high disc surface densities and planet masses could excite orbits 

to modest eccentricities e < 0.1. Some obliquities can be explained if the disc was primordially misaligned 

(due to a distant stellar companion for example) or chaotic star formation. Supports for interactions with 

the protoplanetary disc are given by giant planets orbiting very young stars (V830 Tau b [55] with an age 

of ∼2 Myr) which likely migrated through interactions with the protoplanetary disc because HEM would 

usually require longer times (explained in the following subsection). Further support comes from hot and 

warm giant planets in compact systems, that is tightly packed multi-planet systems with minimum mutual 

inclinations (HEM would have destabilized the orbits of their close planetary companions. However, 

systems like Kepler-101 and WASP-47 seem to represent the exception rather than the rule because high-

precision space-based data from Kepler and CoRoT have revealed that the vast majority of hot giant 

planets do not have close companions). However, at that distances, planetesimal disks should not be 

massive enough to drive large-scale migration needed to pileup giant planets too close to the star; they 

might migrate with a quick migration through a gaseous protoplanetary disk. In addition, it is not possible 

to explain why the migration would stop and leave planets close to the star in orbits with periods of 4 

days; some mechanism must be involved in order to avoid the planet to be accreted or destroyed by the 

star [28].   

 

 

 

 Eccentricity excitation plus Tidal Circularization  

 

High-eccentricity migration (HEM) allows very close-in giant planets because of tidal dissipation of highly 

eccentric orbits occurring at the periastron. After disc dissipation, high eccentricities and spin-orbit 

misalignments are produced by different dynamical processes such as planet-planet scattering, Kozai 

perturbations induced by a distant stellar or planetary companion on a highly inclined orbit, secular 

dynamics in multi-planet systems, or a combination of the processes. Tidal dissipation inside the planet 
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mainly acts to circularize and shrink the planetary orbit, while tides inside the star act to realign the orbital 

plane with the stellar equator (thus, circularization and spin-orbit re-alignment may proceed with 

different timescales according to the different dissipation rates inside the stars and the planets). One of 

the justifications of this model is the current distribution of eccentricities of known giant planets – with 

circular orbits prevalently found at small distances from their host stars and significant eccentricities at 

wider separations where tidal interactions are much weaker. Other support is the eccentricity-metallicity 

relation for hot Jupiters (10 < P< 200 days): eccentric warm Jupiters are mainly found around metal-rich 

stars because in metal-rich environments more Jovian planets can form and thus more frequent 

gravitational interactions among them may occur via scattering or secular perturbations and raise their 

eccentricities. Also, planets with an outer companion have higher average eccentricities than their single 

counterparts as recently claimed by Bryan et al. (2016) from results of a Doppler survey of non-transiting 

systems carried out with the High-Resolution Echelle Spectrometer (HIRES) [28]. 

 

Interestingly, there exists a sub-Jovian desert: planets that migrated from highly eccentric orbits through 

tidal dissipation and underwent orbit circularization without significant mass or orbital angular 

momentum loss are expected to be found at a distance from their stars greater than or equal to twice the 

Roche limit, aR:  

𝑎𝑅 =  2.16 ∗ 𝑅𝑝 ∗ (
𝑀𝑠

𝑀𝑝
)

1
3

    [6] 

 Only ∼4% of circular TGPs (Transiting Giant Planet) have a < 2aR. However, the condition may not be a 

peculiar imprint of the HEM and, for instance, could also be reproduced by migration in the disc that was 

stopped because of truncation of the inner disc by magnetic fields [28]. 

After an observation and determination of 231 TGPs orbital parameters, it is found that in non-compact 
systems these orbital parameters are shaped by tides raised by their host stars. According to the 
equilibrium tide theory, the highly eccentric planets have larger orbital separations and/or high mass 
ratios (outcome of planetary migration from highly eccentric orbits excited by planet-planet scattering, 
secular chaos or Kozai-Lidov perturbations). Using the parameter of alpha and its distribution, 𝛼 = 𝑎/𝑎𝑅 
(where aR the Roche limit and a the semimajor axis), it is proved that for well-determined circular orbits 
this parameter peaks at 2.5 (high-eccentricity migration, HEM) with very few planets with alpha > 5 (may 
have migrated through disc-planet interactions) [28].  
 

There exists an important population of gas giants with periods between 300 days and 4 years, peaking 

near the location of the snow line for each system. This could be because they migrate inwards only in the 

outer regions of the disk with high surface density due to water ice condensation. Between this snow line 

and the periods corresponding to Hot Jupiters, there is a scarcity of giant planets at intermediate orbital 

periods. They might migrate very rapidly due to photoevaporation of a gaseous disk or via a mean motion 

resonance which excites the eccentricity and destabilizes the planetesimal disk.  

Super-Earth and mini Neptunes are the most frequent planets discovered. In many systems, the planets 

are all roughly the same size as the planet in orbit next to them. This kind of planetary architecture is more 

common than random planet sizing would predict. 
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In order to avoid chaotic configurations some preferable configurations are for example the ones without 

outer and inner large planets. Also, resonance avoid that all or most of the planets could be located on 

the same side of the star, causing a severe imbalance that would result in chaos. 

Another interesting configuration is the one called Short-Period Tightly Packed Inner Planetary Systems 

(STIPS). They are based on multiple transiting planets with periods between 1 and 100 days with periods 

correlated with one another and period ratios peaking at values from 1.3 to 3. They are not formed by gas 

accretion and their atmosphere is result of outgassing; as there is not need for an accretion model they 

can originate in situ. However, this possibility does not dismiss migration even though they would migrate 

more rapidly because they would not need to clear a gap. STIPS have low mutual eccentricities and 

inclinations with similar sizes and orbital separations with period ratios slightly larger than first-order 

mean motion resonances (4:3, 2:1, 3:2). An explanation can be some interactions with the planetesimal 

disk which remove planets from mean motion resonances. By transit timing variations in these Kepler 

planets, their system companions are easily detected. 

In the following sections we explain the main dynamical processes taking place after planet formation has 

completed, when the gas and dust disks have disappeared [29].  

4.3.1 Planet-Planet scattering 

If the system is rather compact, planets interact with each other due to their proximity which generates 

instability with large eccentricities and mutual inclination differences between the planets of the same 

system (typical outcome is that one of the planets could be ejected with a high eccentric outer planet, 

thus, the inner one gets its orbit circularized [30]). Scattering should take place as the disc dissipates (disc 

damps e and i). It has a short time scale. Figure 4-3 is an example of planet-planet scattering with the 

ejection of one planet after 2 million years. The planet indicated by solid line is circularized at 11 million 

years [49]. 

 

 

Figure 4-3: Planet-Planet scattering (Source: [49]) 
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4.3.2  Mean-motion resonances 

Two orbiting objects are said to be in mean motion resonance when the ratio of their orbital periods is 

very close to a ratio of small integers. Mean-motion resonances occur when the periapses (where the 

planets are closest to the star) are nearly aligned; and conjunctions occur when both planets are near 

periapse. The alignment and conjunction configuration are maintained as the orbits precess due to the 

gravitational interactions between the planets. 

It happens in the Galilean Jovian satellites (Europa, Io and Ganymede) 1:2:4 or in GJ 876 (Laplace 

resonance). It can lead to stable configuration or instable configuration (Main-Belt Resonances). Two 

planets have to approach each other slowly enough to get captured in Mean motion resonance. It 

generates convergent migration. Slow and smooth migration trap planets in mean motion resonances; on 

a time scale similar to their orbital period. 

𝑃1

𝑃2
~

𝑛

𝑚
         [7]   being n and m integer numbers. 

However, more planets in resonances were predicted than the actual discovered distribution. Some 

explanations could be: accretion of mass, tidal dissipation [31] or that the resonance capture is 

temporary [32]. Figure 4-4 represents the periods in planets pairs showing a clear trend of near 

resonances configurations. 

 

 

Figure 4-4: Mean resonances in the planetary systems detected by Kepler (Source: [58]) 

 

4.3.3 Classical secular evolution 

It uses the circular approximation as a reference for the orbits. Secular evolution of orbital elements is 

taking place on a very long-time scale. Averaged over the orbit, the energy is conserved so the semimajor 

axis is conserved as well. It generates circular, concentric, and coplanar orbits (like our solar system). It is 

known as the classical Laplace-Lagrange secular theory and is based on an expansion of the disturbing 
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functions that describe the mutual gravitational interactions of the planets in powers of the eccentricities 

and inclinations. However, it has been found that the exoplanets usually describe true ellipses with high 

eccentricities. This as well as other limitations makes that it can be applied only to systems with small 

planetary masses on nearly circular and nearly coplanar orbits [59].  

4.3.4        The eccentric Kozai-Lidov (EKL) mechanism 

It is based on the secular interaction and long-time scales. It is a dynamical phenomenon affecting the 

orbit of a binary system perturbed by a far-away object, for example a hierarchical triple system. Consider 

a system with an inner body and an outer one with very different inclinations and eccentricities and 

angular momentum in different directions in which the eccentricity and inclination oscillate [33]. The total 

angular momentum (that has to be conserved) is considered to be along the z axis (𝐿𝑧). Such a 

configuration causes the argument of pericenter to oscillate about a constant value and a periodic 

exchange is produced between e and i.  

𝐿𝑧 = √1 − 𝑒2 cos 𝑖 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡     [8] 

When the difference in eccentricity is larger then the difference in inclination is smaller, and 

viceversa. Increasing e while keeping a constant reduces the distance between the objects at periapsis. 

Tidal friction combined with the EKL mechanism may produce Hot Jupiters. 

Interestingly, the migration scheme changes if the two planets open a common gap. If the second planet 

is less massive, then the force of the outer disk is less than the one from the inner disk, and the positive 

torque generates both planets to migrate outwards even if the disk goes inwards. This is the case of our 

Solar System; Saturn and Jupiter are first captured in 3:2 MMR and then they migrated outwards [33].   

Other mechanisms should be studied in the future such as the role of magnetic fields and turbulence in 

the theory of migration, the importance of turbulence and density and temperature profiles (ALMA) for 

the disc properties and for the understanding of the disc structures (decouple gas and dust). However, 

large observations and discoveries must be done in order to understand the complete diversity of 

exoplanets and finally obtain the outcomes to explain their architecture. 
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5. Kinds of planets and types of planetary systems  
 

 

5.1. Types of planets and most common planetary system architectures 
 

The main division among the different planets discovered is between terrestrial group and giant group. 

Each group has different formation stages and composition. The first ones are usually small and dense, 

have thin atmospheres and rotate slowly. The second ones are usually large, less dense (no solid surface), 

with deep and thick atmospheres and rotate fast. On one hand, terrestrial planets are composed of mainly 

silicate rocks with a core made of heavy metals. They have varied solid surface terrain such as volcanoes, 

canyons, mountains and craters. Also, they have few or no moons. On the other hand, gas giants are 

composed of various gases (predominantly large amounts of hydrogen and helium) with a rocky center 

(really liquid compounds). They are flattened at their poles due to the quick rotations as well as tend to 

collect rings of leftover material that orbit around the planet. Also, they host dozens of moons and 

satellites that orbits them. Terrestrial planets offer not only orbital observation, but also landing 

exploration for future missions (unlike gas giants due to the inexistence of solid surface). Terrestrial 

planets are formed closer to the new stars and gas giants further away du to condensation temperatures 

and pressures for the different material which build up the future planets. 

A reasonable classification would be into thermal and mass categories. For this division we can consider 

three thermal regions: hot zone (closer distances to the stars, where planets do not have any significant 

amount of water on the surface, like Venus in our Solar System), warm “habitable zone” (intermediate 

distances to the stars, where water remains in liquid state) which is the most interesting area and the 

focus of this study and the cold zone (larger distances to the stars, where water is completely frozen due 

to the low temperatures). On the other hand, for the mass division we can consider 6 subgroups (NASA 

Archive, 18 May 2019) [1]:  

- Mercury size or Miniterrans: Up to 0.1 Earth masses. 5 planets discovered (0.1% of the total)  

- Mars size or Subterrans: From 0.1 to 0.5 Earth masses. 56 planets discovered (1.6% of the 

total) 

- Earth size or Terrans: From 0.5 to 5 Earth masses. 644 planets discovered (16.7% of the total) 

- Super-Earths and Mini-Neptunes or Superterrans: From 5 to 10 Earth masses. 1113 planets 

discovered (26.2% of the total) 

- Neptune size or Neptunians: From 10 to 50 Earth masses. 840 planets discovered (21.6% of 

the total) 

- Jupiter size or Jovians: From 50 Earth masses. 1267 planets discovered (32.8% of the total) 

Subterrans, Terrans and Superterrans located in the warm habitable zone are the more revelant extra 

solar planets if we look for future missions. 

Regarding the number of planets in a system, 2266 planetary systems with one planet have been detected, 

425 with two planets, 140 with three planets, 47 with four planets, 17 with five planets, 7 with six planets, 

2 with seven planets and two with 8 planets (ours and Kepler-90) [1].  
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Obviously, due to observation limitations there are some bias for planetary systems of lesser number of 

planets and also, for bigger planets as well as planets closer to their host stars. However, a wide variety 

of properties has been found in the exoplanets as the techniques, methods and time for detections have 

been improved. 

 

5.2 Distribution of planets as a function of different parameters 

 

The statistics in the following sections are based on NASA Exoplanet Archive by Caltech Institute [1] data 

from 18 May 2019. 

The discovered planets can be classified based on different properties such as their mass, multiplicity, 

periods, eccentricity… Through this analysis, some clues to explain the architecture and evolution of 

planetary systems should be derived. However, more observations covering a larger time span (several 

years) must be done to discover the totality of planets for each planetary system. 

 

5.2.1 Type of host 

According to the spectral type division of Morgan-Keenan (MK), stars range O, B, A, F, G, K and M; from 

the hottest to the coolest ones. For example, the Sun belongs to the G class. In the study of exoplanets, 

we set aside the O, B, and A stars, due to the higher difficulty for any body to survive in the star’s 

surrounding without being engulfed by the star (only 20 exoplanets have been detected orbiting stars 

with effective temperatures higher than 7500 K, by imaging or orbital brightness modulation principally).  

F-stars such as Procyon and Tau Bootis are rarer than G-type and even more rare than K and M stars in 

the cosmos. They have more powerful stellar winds and high effective temperatures (strong ultraviolet 

radiation emission), but their lifetime is shorter than the Sun’s. The presence of a magnetic field powered 

by a strong internal dynamo is higher in these cases. 750 exoplanets have been discovered orbiting F-stars 

[1].  

G stars, stars with surface temperature between 5200 and 6000 K, are the ones with timescales and 

properties similar to our Sun. 1871 exoplanets have been discovered up to date orbiting stars of this 

spectral type.  

For stars with effective temperature of 4000 to 5200 K, i.e. K-type stars, 926 planets were discovered. 

These stars are important for the development of life for two reasons: their long lifetime and the less 

extreme activity compared to other types of stars (for example, the M dwarfs). Their planetary systems 

have an easier biosignature search (simultaneous detection and presence of oxygen and methane in the 

planetary atmosphere); because these molecules usually react with each other such that oxygen radicals 

destroy methane, so it is needed a producing factor that operates quickly and continuously. However, in 

a planet orbiting a K star, methane is not destroyed by oxygen as ultraviolet radiation from these stars 

does not generate highly reactive oxygen gases. Finally, K-stars are dimmer (10 times) than Sun-like stars 

which makes it easier to detect exoplanets [39].  
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Finally, M-type stars (2400 – 4000 K) harbors 238 exoplanets. They are the most common star type in the 

Milky Way (76% of all main-sequence stars) and exoplanets in these stars are rather easily detected (since 

the order of magnitude of the detected exoplanets should be higher); they are dimmer and contribute 

lower astrophysical noise which gives accurate analysis of the spectral lines. The doppler signal is larger 

because the gravitational force of the planet on the star increases with smaller distances and the orbital 

periods are shorter; due to this we will need less time to confirm the detection. However, they usually 

present a complication: planets located in the habitable zone of these stars are so close to them that they 

keep tidally locked (generating a hot side and a dark side), like our Moon. 

In addition, some exoplanets have been found in binary star systems, even triple and quadruple systems. 

Figure 5-1 represents the planets detected for each binary system up to date. There is also information 

about their architecture, sizes, spacings and distances to the star [15] updated on 03/06/2019. 

 

 

Figure 5-1: Semi major axis for different planetary systems (Source: [15]) 
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5.2.2 Size and Mass 

 

Except for highly porous planets or very large ones (above 0.4 MJUP), mass and radius are directly 

correlated by the following expression [50]: 

𝑅 ∝ 𝑀0.55 [9] 

Up to date, there is slightly more giant planets discovered than small planets. However, according the 

previous chapters, small planets should be more numerous. The reason why they do not predominate in 

the databases of exoplanets discovered is because giant planets are easily detected from Earth. Future 

space telescope missions like PLATO are expected to discover more of the small planets. Radius are easily 

calculated by the transit method with the drop-in brightness and the mass via de Doppler method. There 

are two differentiated sectors (in terms of planetary size) and entail a threshold between giant and small 

planets, with a dividing line at 4 RE or 0.4 RJ and 30 ME or 0.1 MJ. It is interesting to point out the distinction 

between planets and brown dwarfs with the “brown dwarf desert” between 10 and 100 MJ and orbital 

periods lower than few years. 

From figures 5-2 and 5-3, that are obtained from [1] at 13 June 2019, some aspects can be obtained. 

Timing variations is equally powerful to detect every type of exoplanet, transits for planets of short 

periods and a wide range of sizes, radial velocity is effective for bigger planets as well as with larger 

periods, imaging detects the furthest planets with respect to their host star and microlensing is not 

affected by the size of the planet but is extremely powerful with periods around 1000-3000 days. 

Interesting is to point out the scarcity of planets over the area of 5 to 10 Earth radius or around 0.1 Jupiter 

masses; the natural division line between gas giants and rocky small planets. 

It is observed from figure 5-4 the division between the two types of planets in terms of planetary mass 

and size (at around 10-1) and, also, that giant planets are the most numerous. 

Figure 5.5 shows the relation between mass and radius described in equation [9] with the diagonal up to 

0.4 Jupiter masses where for a specific radius it can be found planets at very different masses. 
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 Figure 5-2: Radius vs period distribution for exoplanets by method (Source: [1]) 
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 Figure 5-3: Mass vs period distribution for exoplanets by method (Source: [1]) 

 

 Figure 5-4: Histogram of number of exoplanets discovered by mass 
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 Figure 5-5: Exoplanets confirmed mass/radius relation 

 

 

5.2.3 Periods and semimajor axis 

In the Solar System planets, the planetary semi-major axis range goes from 0.3 (Mercury) to 30 AU 

(Neptune), corresponding to orbital periods from 0.2 years to 164.8 years. Periods and semimajor axis are 

related via the Kepler's third law: 

𝑃2(𝑦𝑒𝑎𝑟𝑠) = 𝑎3(𝐴𝑈)    [10] 

In general, the distances from the host star at which we expect to find planets in any system are subject 

to physical limitations. On one hand, the minimum distance is determined by the Roche limit where star`s 

tidal force prevents a planet that has been formed from maintaining hydrostatic equilibrium. This limit is 

associated to approximately 0.01 AU and periods of 12h for gas giants and 5h for rocky exoplanets for a 

Sun-like star; with stars with higher radii this limit is moved further. On the other hand, the maximum 

distance is limited by perturbations from random encounters with other stars or by the overall Galactic 

Tidal Field. This maximum distance to find an exoplanet might be around 105 AU. Looking at our Solar 

System, at small distances to the star rocky planets should be predominant and, at larger distances, the 

gas giants. However, the distribution seen for exoplanets is different from the one seen in the Solar System 

in terms of sizes and distances to the star, finding for example “Hot Jupiters” with periods smaller than a 

few days. Also, metal poor stars have higher planetary periods (P>100 days for giant planets); migration 

is less rapid than assumed in core accretion planet formation models. 

To calculate and know accurately both periods and distances is of extreme importance, because the first 

are the basis for planetary detection with transit method and the second for the analysis of each habitable 

zone respectively. 
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Figures 5-6 and 5-7 represent the distribution of existing exoplanets discovered as a function of their 

period and orbital distance for different host stars and masses:  

 

 Figure 5-6: Semi-major axis distribution for different stellar types 

 

 

 Figure 5-7: Semi-major axis distribution for G, K and M-type stars 

Figure 5-6 and 5-7 show that the majority of exoplanets discovered are in planetary systems with a host 

star of similar characteristics of our Sun; effective Temperatures between 5000 and 7000 K. It is interesting 

to remark that for stars with effective temperature less than 4200 K, there are some planets located at 

higher distances compared to the other stars. 
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 Figure 5-8: Semi-major axis distribution function of mass 

Figure 5.8 is a confirmation of figure 5.3, proving that semi-major axis and periods are equivalent if we 

are looking for properties’ behavior. 

 

5.2.4  Orbital parameters (eccentricity, inclination) 

 

This parameter gives clues for the analysis of the system stability. It goes from 0 (circular orbits) up to 1. 

For a given semimajor axis, the orbital energy is independent of eccentricities. Nearly circular orbits in our 

solar system are produced due to initial conditions of planets formation or processes that circularize orbits 

over time.  

Through the transits it is possible to measure the eccentricity directly. Based on Kepler’s third law, for a 

planet on a circular orbit that transits across the stellar center, the transit duration 𝑇0 is uniquely 

determined by the orbital period P, the planet-to-star radius ratio r = Rp/ Rstar, and stellar density ρ⋆: T0 ∝ 

P1/3 ρ⋆
−1/3 (1+r). For an eccentric and inclined orbit, the transit duration T depends on the eccentricity with 

the following equation: 

𝑇 = (𝑇0(1 − 𝑏2)
1
2)

√1 − 𝑒2

1 + 𝑒 sin 𝜔
     [60] 

T is the transit duration, b the impact parameter (minimum sky-plane distance between the star and the 

planet expressed in units of stellar radius), e is the orbital eccentricity and 𝜔 the argument of periastron.  

Near circular orbits are the dominant ones found in exoplanets. The largest values of eccentricities 

discovered were of around 0.8-0.9 and corresponding always to gas giants. This is because they need more 

time to stabilize themselves and their orbits. In contrast, the smallest eccentricities were found for the 

close-in planets (e=10-3); demonstrated in the following figures 5.9 and 5.10 [11]. 
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 Figure 5-9: Exoplanets confirmed eccentricity/mass relation 

 

 

 

 

 Figure 5-10: Exoplanets confirmed eccentricity/P relation 

 

According to Figure 5.10, shorter orbital periods are related with circular or nearly circular orbits, while 

larger orbital periods (more than 50 days) present a broad distribution of orbital eccentricities. 

 



 

38 
 

 

 Figure 5-11: Histogram of metallicities for exoplanets with e>0.2 and m>0.4MJ 

According to figure 5.11, the giant planets with medium and high eccentricity are located around metal-

rich stars and environments.  

Finally, with more planets in the same planetary system, lower eccentricities are found. It supports the 

mechanisms previously explained in Chapter 4. The average eccentricity of a planetary system is given by 

the following equation [51]: 

 𝑒𝑚𝑒𝑎𝑛 = 𝑁−1.2     [12] being N the number of planets. 

 

 Figure 5-12: Histogram of e for planets in systems of 2 planets 
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 Figure 5-13: Histogram of e for planets in systems of more than 3 planets 

Looking at figure 5.12 and 5.13 it is observed that the systems with more than 3 planets have lower 

eccentricity values on average compared to systems with only 2 planets, in line with Eq. 12. Systems 

with 2 planets have average eccentricity values around 0.2, whereas systems with more than three 

planets around 0.09-0.1. 

 

 

 Figure 5-14: Planetary eccentricities function of the number of planets in the system 

Figure 5.14 supports the conclusions obtained from the previous data. In addition, the lowest values for 

planet’s eccentricities are in systems with less planets. 

Regarding the inclination of exoplanets, which is the is the angle of the plane of the orbit relative to the 

plane perpendicular to the line of sight from Earth to the object (It is of course not surprising that planets 

detected through transits have inclinations close to 90° since is an edge-on orbit; the plane of 
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the exoplanet's orbit is parallel to the line of sight with Earth), it is highly correlated with the dynamical 

interactions between the planets until stability is achieved for the planetary system. Planets with large 

inclinations are thought to be created in abundance but tend to destroy themselves. Thus, these 

inclinations excite eccentricities causing the orbits to intersect (Kozai-Lidov instability). Processes such as 

scattering provokes random inclinations until stability is achieved. As a detail, to achieve orbital stability 

between two planets of 3 times Earth-mass, the minimum spacing is twice as large for differences of 5 

degrees in inclination with respect to two coplanar planets [52]. In our solar system Mercury has a 

deviation of 7 degrees from the ecliptic (also Mercury has the larger eccentricity by far with respect to the 

other planets) and the rest of the planets less than 3.5 degrees. 

Doppler technique is generally blind to mutual inclinations and transits miss many planets in non-coplanar 

systems. In order to determine mutual inclinations (between two planets), a method used is to make an 

analysis of variations in transit times and durations; absence of transit duration variations requires mutual 

inclinations smaller than few degrees. Other methods include studying the geometry of planet-planet 

eclipses or measurements of the true obliquities.  

Through statistical methods, an outcome is that planetary systems with small planets with periods less 

than a year are roughly as flat as our solar system [20]; it can be seen on Figure 5.15. 

 

 Figure 5-15: Inclination distribution for planets in systems with more than two planets 

 

The majority of systems are consistent with low mutual inclinations (∆i < 5º), especially in multi systems 

with all of the planets in retrograde orbits and small eccentricities. There are some strange cases as 

Upsilon Andromeda which has 3 Jupiter-like planets with the orbits completely misaligned (planets may 

even have been ejected from the system). Small mutual inclination represents systems more quiescent 

[6]. 

Interestingly, quoted from [53]: “A recent study from Fei Dai and colleagues explored connections 

between orbital misalignment and the origins of one puzzling class of exoplanet – small, short-period 

planets. These planets range in size (and probably composition) from Neptune-like to smaller than Earth 

https://arxiv.org/abs/1808.08475
https://scholar.google.com/citations?user=hdz3hlkAAAAJ&hl=en
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but inhabit orbits very close to their host stars, some taking only hours to circle the star. Many of these 

short-period planets also have sibling planets farther out, and the arrangement of these orbits might tell 

us how the planets got so close to their stars.”  

 

 

 Figure 5-16: Exoplanets confirmed mass/radius relation (Source: [53]) 

 

From figure 5-16, short-period planets nearest to their stars have a wide range of mutual inclinations (for 

small a/R, large ∆i). Upsilon Andromeda scenario could be a typical scenario and also useful to explain 

these short-period planets.  

 

 Figure 5-17: Exoplanets confirmed inclination/period relation 

According to Figure 5.17 for small periods (P<10 days) inclinations range is wider, but it can be bias by 

difficulties for detection. 

Another interesting feature is the mutual inclinations of short-period and packed planets with an external 

big body (giant planet or stellar companion) misaligned with the inner multi-planet system as in Kepler-

68. Kepler-48, Kepler-56, WASP-47, Kepler-454, GJ 832, Kepler-444, 55 Cancri. It explains the “Kepler 

http://www.astrojack.com/research#short-period_planets
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dichotomy”; the inner multi-planet system may experience some excitation of mutual inclinations while 

the outer giant planets undergo scatterings. This may explain why Kepler “singles” (or a fraction of them) 

are more eccentric than the Kepler “multis”, for which there exists tentative observational evidence. 

Interestingly, a disruption of equilibrium with an outer companion, generates at larger scales stability for 

the systems with inner packed planets [57].  

Only the inclination of 795 (of about 4003) exoplanets is known, mainly thanks to transit method (only 54 

via another method). It exists 655 of them with inclinations higher than 85 degrees. 

 

 Figure 5-18: Inclination distribution function of the planetary system size 

Figure 5.18 represents the inclination values according to the number of planets that a system has. 

Systems with more planets are flatter than single-planet systems. 

Overall, the inclination and eccentricity distributions support and confirm some of the mechanisms which 

explains the planetary system architectures. 

 

5.2.5 Companions/Multiplicity 

 

Almost all the stars harbor at least one planet and more than 40% host more than one single planet. The 

first multi-planet system discovered was around PSR 1257+12 by time delays in the arrival of radio pulses 

from the central pulsar (pulse timing method). It is composed by three planets: Draugr, Poltergeist and 

Phobetor (three nuclei of gas giants). Both Kepler and Doppler surveys showed that compact multi-planet 

systems with all of the planets presenting periods lower than one year, composed of planets smaller than 

Neptune and, in addition, Jovian planets are common. 

Planets in compact systems have lower densities, of around < 1 gcm-3. It was revealed through the transit-

timing method.  



 

43 
 

 

 Figure 5-19: Planetary density histogram for planets in single systems 

 

 

 Figure 5-20: Planetary density histogram for planets in multi systems 

From figures 5.19 and 5.20 it can be noted that planetary densities are higher in systems with more 

planets; due to more collisions and violence of formation. 

Looking at figure 5.21, planets in multi-planet systems have lower eccentricities than single planets. High 

eccentricities, e > 0.6 occur in single planets. However, the eccentricity distributions in single and multiple 

systems are similar [34]. 
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 Figure 5-21: Number of planets in the system vs eccentricity 

Migration mechanisms seem to operate different at single and multiple planetary systems. This is 

apparent in the distribution of semimajor axis of exoplanets: multi-planet systems present a more uniform 

distribution, while single-planet systems present a pile-up at 3 days periods (a=0.05, Hot Jupiters) and a 

jump close to 1 AU [34]. 

 

5.2.6 Spacings 

 

Orbital spacings is related with the multiplicity and how planets achieve the stability with their movement 

and orbits. In the Solar System, planets and their satellites obey two themes: Titius-Bode law and mean-

motion resonance [35]. 

The first one is based on nearly geometric progression of orbital distances; the law is the following one: 

𝑎𝑛[𝐴𝑈] = 0.4 + 0.3 ∗ 2𝑛      [13] 

being n=-inf, 1, 0, 1, 2, …; n = 3 corresponds to the asteroid belt 

It is not a physical law, only an empirical one, which some of the planets follow by chance. Also, it is not 

very accurate (especially in the case of Neptune) but represents a constant ratio of orbital spacings instead 

of constant differences of distances. 

The second one is based on the idea that period ratios are nearly equal to ratios of small integers. For 

example, in the Jupiter’s Galilean satellites it exists 1:2:4 resonance (by the time one moon finishes an 

orbit, the second moon finishes two and the third one four orbits around Jupiter). This is the outcome of 

long-term tidal evolution. 
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As in our solar system, resonances are found in various of the planetary systems. If we look at the planet 

pairs detected through Doppler technique (involving giant planets generally, total mass > 1MJup), there is 

a peak at the 2:1 resonance. In contrast, for the planets detected by the transit method (lowe-mass Kepler 

planets, planets with periods shorter than few hundred days), there is a weak preference for period ratios 

near resonances. Resonances are uncommon, and the peaks are at 1.51 and 2.02 (slightly larger than 

resonant values) This goes against the theory of disk migration where wide-orbiting planets are converted 

to smaller orbits by gravitational interactions with the protoplanetary disk (catch into resonances), but it 

could be explained by an orbit being spread apart as a consequence of tidal dissipation within the inner 

planet [31]. 

High mass planets are more often found in resonances and the closest planets tend to be larger than the 
more distant planets (P < 3 days); due to tidal dissipation that pull closer the innermost planet to the star 
[20]. Also, for multi-planet systems with very close-in planets, the inner planets tend to be the same size 
and regularly spaced (supporting theories of formation instead of randomness in their architecture). More 
observations covering a larger time-span are needed to discover outer planets and understand fully the 
implications they have here [36]. 
 
The most commonly observed period ratios are in the range of 1.5-3.0, a good match to the period ratios 

of the Solar System (1.7-2.8). The smallest confirmed period ratio of 1.17 belongs to Kepler-36 [20]. 

 

5.2.7 Metallicity 

 

Lastly but not less important, the metallicity of planetary systems gives some clues about planetary 

formation and architecture explanation. To analyze the metallicity of the exoplanets, parent star’s [Fe/H] 

is studied; this is the metallicity ratio, i.e. the abundance of iron compared to the abundance of hydrogen. 

The [Fe/H] index, which is the abundance ratio of iron compared to hydrogen, is used to classify stars 

according to metallicity: [Fe/H] < 0 dex is considered metal-poor and [Fe/H] > 0 dex metal rich, being dex 

an order of magnitude (x dex is a change by a factor of 10x). [Fe/H] = 0 dex corresponds to the average 

metallicity of the stars in the solar neighborhood. Figure 5.22 represents a histogram with the 

planetary/stellar metallicity of the planets discovered. 
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 Figure 5-22: Histogram of stellar metallicity planets  

According to theories of planetary formation, planets in metal-poor disks were formed further out from 

their central star and/or they form later and do not have time to migrate as far as the planets in metal-

rich stars; metallicity has relevance in the position of the planets. Super-Earths (0.03 to 4 MJ) around 

metal-rich stars are closer to their host star than planets around metal-poor stars and they rarely reach 

the Habitable Zone.  

Studies of metal-poor stars have revealed a paucity of sub-Jovian (in size and mass) planets with P < 100 

days as well as lack of small-size (R < 4 RE)/ low-mass planets (M < 0.05 MJ) with P < 5 days. This might be 

due to a delayed formation and less planetary migration in metal-poor disks [38].  

 

 

 Figure 5-23: Exoplanets around metal-rich stars and multiple systems mass vs period 

distribution 
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 Figure 5-24: Exoplanets around metal-rich stars mass vs period distribution 

 

 

 

 Figure 5-25: Exoplanets around metal-poor stars and multiple systems mass vs period 

distribution 
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 Figure 5-26: Exoplanets around metal-poor stars mass vs period distribution 

The last four figures show that there are more giant planets around metal-rich stars than around metal-

poor stars and the behavior explained before with respect to the orbital periods. 

For transiting planets around FGK stars (Mstar > 0.5 Msun) it prevails short periods and hosts with a narrow 

range of metallicities (mostly metal-rich). In the case of planets orbiting evolved stars it is showed very 

narrow range of periods and their hosts show a confined range of metallicity distributions compared to 

the unevolved counterparts (40% of planets are around evolved stars with [Fe/H] < -0.1 dex and less than 

20% around unevolved or dwarf stars). 

 

 Figure 5-27: Exoplanets confirmed metallicity/number of planets in the system relation 

According to Figure 5.27, the majority of planets located in systems with more than one planet are metal 

enriched in comparison.  
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 Figure 5-28: Exoplanets confirmed eccentricity/metallicity relation 

From Figure 5.28, large eccentricities are predominately found in stellar metal-rich environments. 

Regarding Earth-like planets (Mp < 10 MEarth), the ones which orbit metal-rich stars have P < 18 days. A 

possible explanation is related with a dynamical character. Most of the planets in metal-poor stars belong 

to multiple systems where almost all of the planets have low masses. Figure 5.29 represents period vs 

mass distribution according to metallicity values. The bottom panel takes only the outer planets of each 

planetary system represented in the top panel. There are six cases of planets around metal rich stars 

without a (detected) higher mass and outer companion; resulting that this architecture cannot be 

produced by interactions [37].  

 

 Figure 5-29: Exoplanets confirmed mass/radius relation (Source: [37]) 
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Another explanation for the lack of metal-rich and low mass planets with longer periods could be due to 

a detection limit because metal-rich hosts are on average slightly more massive and hotter than their 

metal-poor counterparts. However, it has been established that Earth-like planets orbiting metal-rich stars 

preferably migrate or form close to their parent stars, while planets in the metal-poor systems form at a 

wider range of semi-axis or even do not always migrate. In the range of P < 20 days planets are found 

orbiting metal rich and metal poor stars, but for P > 20 days they always orbit metal-poor host stars.  

Massive planets at low [Fe/H] stars are found further out (P > 100 days), which indicates that they are 

only able to form beyond the ice-line. This shows that migration is less rapid than assumed in core-

accretion planetary formation models. Also, metal-poor stars have a lack of planets with mass around 0.1 

MJ. The relation between orbital period and stellar metallicity for different subsets of planets are obtained 

and represented at figure 5.30 and 5.31.  

 

 Figure 5-30: Stellar metallicity/orbital period relation for super Earth and mini Neptunes 
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 Figure 5-31: Stellar metallicity/orbital period relation for super Earth and mini Neptunes at 

small orbital periods 

On average metallicities of stars with high mass planets (larger than 0.1Mj) are very similar: 

Mass [MJ] [Fe/H] 

< 0.1 -0.061 ± 0.025 

[0.1-1] 0.088 ± 0.023 

[1-4] 0.149 ± 0.016 

> 4 0.083 ± 0.032 

  Table 5-1: Exoplanets confirmed mass/radius relation (Source: [37]) 

 

Sometimes [Fe/H] index is not the most appropriate representative index to measure the abundance of 

rich elements of the star. Different stars can have different chemical compositions; where some elements 

are enhanced with respect to others, for example the alpha-elements Mg or Si. Thus, a second way to 

characterize metallicity is through the alpha-to-iron ratio, [α/Fe], which involve elements built by 

combining helium nuclei, such as Oxygen, Silicon, Neon, etc. 

To summarize: 

1- The metallicity of the host star increases with increasing planet radius and mass up to 10 Earth 

radii or 1 Jupiter mass (i.e. core accretion model). Above 4 Jupiter masses, the average exoplanet’s 

star metallicity decreases; this probably entails different formation scenario for these super giant 

planets.    

2- Planets with periods less than 10 days are more frequent around metal-rich stars compared to 

planets with P > 10 days. Also, for all orbital periods, sub-Saturn and Jupiter size planets (4 to 20 

Earth radii) are more frequent orbiting around stars with metallicities higher than the Sun ([Fe/H] 

> 0.2 dex). 

Both properties are demonstrated in the following Figure 5.32 and 5.33: 
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 Figure 5-32: Stellar metallicity histogram for sub-Saturn to Jupiter exoplanets 

 

 

 Figure 5-33: Stellar metallicity histogram for exoplanets with P<10 days 
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6. Habitable zone 
 

 
The habitable zone (HZ) is the circular region around a star(s) where liquid water could exist on the surface 
of a rocky planet for long spans of time (millions of years); longer than seasonal trickles of surface water 
like for example in Mars (more about habitability and life conditions at Appendix 9.1). The direct contact 
between water bodies and atmosphere is of importance; it allows and enhances long-term processes 
which generate stability for the planet climate and conditions (for example, carbon-silicate cycle on the 
Earth). We can distinguish between a conservative habitable zone and an optimistic one. Planets with 
CO2, CH4, H-rich atmospheres have expanded habitable zones compared to the conservative limits [40] 
Also, of course, the habitable zone evolves with the stellar evolution. Thus, we talk more properly about 
a continuously habitable zone (CHZ). With the evolution of a main sequence star, it is displaced further 
away from the star. 
 
By using the values of the effective temperature of the star and its luminosity it is possible to obtain values 
for the inner and the outer boundaries of the continuously habitable zone both conservative and 
optimistic one.  They are directly related to the stellar flux.  
 

𝑆𝐸𝐹𝐹 =
𝐹𝐼𝑅

𝐹𝑠
=

𝑆

𝑆0
   [14] 

where 𝑆𝐸𝐹𝐹 is the effective stellar flux, 𝐹𝐼𝑅 the net outgoing radiation and 𝐹𝑠 the net incoming 𝐹𝑠 solar 
radiation (the two quantities calculated at the top of the atmosphere). S would be the flux received by 
the planet and S0 =1369 W/m2 (solar flux received by the Earth). According to the Stefan-Boltzmann’s law, 
where 𝜎 is the Stefan-Boltzmann’s constant (𝜎 = 5.67 𝑥 10−8 𝑊𝑚−2𝐾−4): 
 

𝐹𝑠 = 𝜎𝑇4 =
𝑆0

4
(1 − 𝐴𝑝) [15] 

where 𝐴𝑝 𝑖𝑠 the planetary albedo. 

 
Finally, the distance in AU can be calculated with the following expression: 
 

𝑑 = √
𝐿 𝐿𝑠𝑢𝑛⁄

𝑆𝐸𝐹𝐹
     [16] 

 
Where L is the luminosity of a star. 
 
The Inner edge is determined by the runaway greenhouse limit and the water-loss limit. It occurs because 
the upper atmospheric water vapor molecules are dissociated into OH- and H+ ions. This produces the 
hydrodynamic escape outside from the atmosphere. However, moist adiabatic lapse rate and clouds in 
the atmosphere of the planet stabilize this effect.  
 
The outer edge is determined by the maximum greenhouse limit which depends on the efficiency of GH 
gasses, additional processes like carbonate-silicate cycle and temperature differences between the upper 
atmosphere and surface caused by for example a thick CO2 atmosphere that keeps a planet warm or CO2 

I cy clouds which reflect outgoing thermal radiation). Also, beyond the surface liquid-water limit, an 
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additional source of warming are tidal forces and heat from inside the planet with geological activity like 
volcanoes [41].  
 
The mass of the planet has a relevance in these edges. The inner edge of the HZ (in the units of stellar 
fluxes) moves closer to the star by about +7% for a 5 Earth mass planet, compared to the inner edge for 
an Earth mass planet. For a 0.1 Earth mass planet, the inner edge moves away from the star by - 10%, 
compared to the inner edge flux for an Earth mass planet. The outer edge of the HZ does not change in 
any appreciable way [42]. 
 
Example: 

 

 
 Table 6-1: Habitable zones limit (conservative and optimistic) for an exoplanet 

 

 
Table 6-1 is obtained from [54] and contains both the conservative and optimistic habitable zone 

thresholds for three representative masses of exoplanets located at any type of star. It is only obtained 

by introducing the effective temperature and the luminosity of the star.  

 

6.1. Using databases to study the distribution of planets in their HZ  

 

The planets inside the HZ usually are orbiting GK-type stars which are metal-poor ones. HZ planets were 

more frequent in the ancient Galaxy which was more metal-poor according to the cosmic matter cycle 

and in the outer disk of the Galaxy (lower metallicity than in the solar neighborhood), and they had 
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compositions different from that of our Earth [40]. Overall, there are 125 planets orbiting entirely within 

the Habitable Zone, among them 52 which are potentially habitable (1 Subterran or Mars-size, 18 Terran 

or Earth-size and 33 Superterran or mini-Neptunes). Usually, they are the furthest away planet detected 

in each stellar system. This means that, with the improvements in detection methods and instruments, 

the number of planets within the habitable zone of each star is expected to increase in the future [43]. 

 

 

 Figure 6-1: Habitable zone planets function of the stellar temperature (Source: [43]) 

 

Figure 6-1 shows all planets near the habitable zone (darker green shade is the conservative habitable 

zone and the lighter green shade is the optimistic habitable zone). Only those planets less than 10 Earth 

masses or 2.5 Earth radii are labeled. Size of the circles corresponds to the radius of the planets (estimated 

from a mass-radius relationship when not available). 
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 Figure 6-2: Location of exoplanets in the sky by right ascension and declination (Source: [43]) 

 

Figure 6-2 shows the different location of all the known stellar systems with potentially habitable worlds 

(some systems have more than one planet) [43]. 

Among all of the multi-planet systems discovered, three of them are going to be studied deeply in this 

study due to their habitable zone relevance. 

 Interesting planetary systems: 

a) GJ 667 C = 5 planets, 2 of them in the conservative habitable zone (e,f) with 

a=0.213 AU and a=0.156 AU respectively. Interestingly, c is inside the 

optimistic zone (The existence of planet GJ667C d is uncertain, according to 

[15]). Their host star has an effective temperature of 3350± 50 K and a stellar 

luminosity of 0.0137 solar luminosities [43].  
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 Table 6-2: GJ 667 C habitable zone threshold 

Table 6-2 is obtained from [41] and determines the limits for the habitable zones in the case of GJ 

667C star.  
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 Figure 6-3: GJ 667 C planetary system parameters (Source: [43]) 

Figure 6-3 shows all the needed ephemeris of GJ 667C planetary system used in the next 

subsection. 

b) TRAPPIST 1 = 7 planets, 3 of them in the conservative habitable zone (e, f, g) 

with a= [0.0281 AU, 0.0371 AU, 0.0451 AU] respectively. Their host star has 

an effective temperature of 2559 K and a stellar luminosity of 0.00052 solar 

luminosities [43].  
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  Table 6-3: TRAPPIST 1 habitable zone threshold 

Table 6-3 is obtained from [41] and determines the limits for the habitable zones in the case of 

Trappist 1 star.  
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 Figure 6-4: TRAPPIST 1 planetary system parameters (Source: [43]) 

Figure 6-4 shows all the needed ephemeris of Trappist 1 planetary system used in the next    

subsection. 

 

c) Teegarden’s star = One planet inside the optimistic habitable zone and another 

within the conservative zone (b and c) with a= [0.025 AU, 0.044 AU] 

respectively. Their host star has an effective temperature of 2904 K and a 

stellar luminosity of 0.00073 solar luminosities [43].  
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 Table 6-4: TEEGARDEN habitable zone threshold 

 

Table 6-4 is obtained from [41] and determines the limits for the habitable zones in the case of 

Teegarden star.  
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 Figure 6-5: TEEGARDEN planetary system parameters (Source: [43]) 

Figure 6-5 shows all the needed ephemeris of Teegarden planetary system used in the next 

subsection. 

 

 

 

 

6.2   Analysis of planetary systems through the Mercury Code 
 

These simulations take place among three of the most interesting planetary system already discovered: 

Trappist 1 due its proximity and the large number of planets orbiting the star (some of them within the 

Habitable Zone), GJ 667 C due to the similar characteristics as Trappist 1 and finally, Teegarden that has 

the honor to harbor the Earth’s most similar planet discovered at the moment. Overall, the planetary 

systems were chosen due to their large number of planets and thereby complex orbital dynamics and 

stability and, also, due to the presence of various planets within the habitable zone in each case.   

Some modifications are going to take part in order to modify their stability and observe the different 

oscillations until the system recover the mentioned stability and study if some planets collide or are 
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ejected for example. Also, another input to be analyzed would be the planetary modifications within the 

habitable zone of each star. 

Firstly, variations in the masses of certain planet or planets are introduced as well as their orbital 

parameters as inclination, eccentricity or semi major axis. 

Secondly, an extra planet with specific characteristics (for each case, the orbital parameters of this planet 

are defined in the title) is introduced. Semi-major axis, eccentricity and inclination are set with different 

values, while the rest of orbital parameters are considered as 0; not considering the “starting position” of 

the planet in the orbit. These are the more disruptive modifications for any planetary system. 

And the third part, finally, consists on changing the stellar parameters; mass and radius (related in the 

main sequence stars by R ∝ Mξ, with ξ ≈ 0.57 for M > 1Msun, and ξ ≈ 0.8 for M < 1Msun) [41].  

For that, a special software for orbital dynamics and close encounters developed by Chambers is going to 

be used; the Mercury Code. 

J.E.Chambers [2] developed a hybrid symplectic N-body integrator to overcome the problems that arise 

when Mixed-Variable Symplectic integrators, which consist of two sets of variables (action-angle and 

Cartesian coordinates), are used for close encounters between celestial objects. The drawback of 

symplectic integrators becomes apparent when a close encounter between two celestial bodies occurs. 

The accuracy decreases due to the fixed timestep and an attempt to change the timestep during the 

encounter would result in additional errors for every change. The inaccuracies caused by close approaches 

can be avoided if a hybrid integration method is used so that all the terms except those relevant to the 

encounter are integrated symplectically. However, for the encounter term, the Bulirsch-Stoer method is 

used[2]. 

We cannot describe the motions of the objects in a planetary system that interact, gravitationally, 

analytically. The method that is used in symplectic integrators is the splitting of the Hamiltonian. An 

efficient way to do this is to have a dominant term HA, and a perturbation term HB (H = HA + HB). For the 

dominant term HA, we assume that each body which orbits the primary object (e.g. a star) follows a 

Keplerian orbit without perturbations, while for the second term we assume that each body stays fixed 

and HB is used to calculate the acceleration caused by the perturbations of the rest of the bodies [2]. 

We use the hybrid integrator for a series of simulations to investigate the orbital evolution in several 

configurations of planetary systems. 

In the “big file”, the orbital parameters of the planets can be changed as well as the masses, densities and 

radius of them. In the file called “parameter.in” other inputs can be changed as the mass and radius of 

the star and the step of the integration and the integrator used. Also, the start and end epoch of the 

simulation are specified in this file. 

For the simulations, the planetary systems will be propagated for some thousands of million years (not 

too short neither too large amount of time); a compromise between saving computer time and achieving 

sufficient accuracy. For the ephemeris, NASA Exoplanet Archive [1] at 18th May 2019 will be used; being 

that epoch as the initial time for the simulations. 

The desired output will be how these planets achieve stability and study their orbital modifications, 

collisions and ejections. It is important to point out that if two planets collide or hit each other, then the 

more massive “eats” the other planet and increases its mass as much as the mass that the engulfed planet 
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has. Two extra data will be given as: fractional energy change due to collisions/ejections and fractional 

angular momentum change. The first one is related to the intensity and amount of collisions and, the 

second one, about planetary ejections. 

 

6.2.1. TRAPPIST 1 system 

 

6.2.1.1. Definition 
Trappist-1 is an ultra-cool red dwarf star (little bit bigger than Jupiter but much more massive). Proxima 

Centauri is also a red dwarf (50 of the 60 closest stars). Red stars are flare stars; their brightness increase 

very rapidly (bad for life or retaining an atmosphere). 

7 known Earth planets (6/7 in the Hz) they orbit very close to each other (9million kms of the star the last 

planet). This can be compared to the distance of Mercury from the Sun which is 58 million km. 

Trappist 1b = The closest planet. Larger than Earth but with the same mass. Similar to Venus in surface 

gravity surface (1.687 m/s2) and extremely thick atmosphere full of C02. Really hot, period of 36 hours. 

Atmosphere could be rich in water but with a surface pressure 10.000x the Earth, significant greenhouse 

gasses (500-1700 K). 

Trappist 1c = 2.4 million km away from the star. 58h as period. 2times the starlight the earth. 1.2x the 

mass but same gravity. Thick water vapor atmosphere. Temperatures not as high as in Trappist-1c. 

Trappist 1d = 3.4 million km. 97 h as period. 80% size the Earth and 30% massive, meaning surface g half 

of the Earth. It receives only 4.3% starlight than Earth. Volatile layer in the surface (probably a thin 

atmosphere or ocean). This could prevent from tidally locking problematics, distributing the heat much 

better (habitability all over). Studies suggest More than 250x earth water oceans, other suggest 

atmosphere similar to Venus (wait for James Webb Telescope). 

Trappist 1e = 4.4 million km. P=146h. Receives 60% starlight than Earth does. Size mass and gravity as 

earth. Rock-iron composition like Earth. Hydrogen poor atmosphere (good because H2 is a strong 

greenhouse ability, which is a risk in terms of temperatures).  Compact atmosphere that could allow water 

to pool on the surface, temperature a little bit lower than Earth (depending on the albedo). The most 

Earth-like planet that we know. 

Trappist 1f = much cooler at that distance in spite of it is located in the Godilock’s zone (orbital zone where 

water could be present and remain in liquid state). Orbits at a distance of 5.8 million km from the star. 

P=220h. size like earth, less dense, surface g =80%. The most recent studies that low density means 20% 

water (massive greenhouse effect). Water in gaseous form, steam world; no habitable as ice or gaseous 

giants due to high pressure and temperatures in the surface. 

Trappist 1g = slightly bigger than Earth. P=12 days. On the outer edge of the HZ [44].  

Trappist 1h = It is not included in the analyses since no much data about the planet is available. 
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The eccentricity range of the planets is between 0.06 and 0.085; almost circular orbits. 

We have to discover if there is a magnetosphere on them. This will have to wait for the availability if the 

James Webb Telescope. 

 

6.2.1.2. Results 
The results will be presented via figures showing the simulated data. The form of plotting them is by a 

comparison and analysis of the two most relevant parameters: semi-major axis or distance to the star and 

eccentricity. In some cases a zoom-in is applied to the plot in order to see more clearly the outputs. Each 

color label corresponds to a planet in all of the figures. Data will be obtained until 35.000 years (in the 

most of the cases), but in some cases the x-axis range covers a shorter time because stability has achieved 

and there is no more interactions or significant changes in the planets. 

 

1- Adding a planet (UPPSALA) 

 

  a) 1 Jupiter-mass exterior planet at Earth´s distance (a=1AU)  
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Figure 6-6: Semi-major axis evolution introducing an exterior (1AU) Jupiter planet 

 

Figure 6-7: Eccentricity evolution introducing an exterior (1AU) Jupiter planet 

 

It is observed in Figure 6-6 and Figure 6-7 that Trappist G collide with Trappist F after 420 years because 

of the addition of a Jupiter in the outskirts of the system generates instability to the furthest planets. At 
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around 340 years, both of them exchange their position, being Trappist F the last planet of the system. At 

that time all of the planets (except Uppsala) experience a small modification in their semi-major axis, but 

remain stable. Finally, Trappist G starts to be unstable and collide with Trappist F after around 420 years. 

Regarding to the eccentricity evolution, it keeps more constant as more massive is the planet (ex. Uppsala) 

and it is noted an increment in Trappist F eccentricity (reaching e=0.15) after its position exchange and 

before the collision.  

Fractional angular momentum change:                    0.00000E+00 

Fractional energy change due to collisions/ejections:  1.44353E-04 

Trappist G was hit by Trappist F at 2438 10 16.6 

2438 10 16.6 represents the year, month and hour from the beginning of the simulation, respectively. It 

applies for the rest of the analyses. 

 

  b) 1 Jupiter-mass exterior planet at a=0.39AU 
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Figure 6-8: Semi-major axis evolution introducing an exterior (0.39AU) Jupiter planet 

 

 

 

Figure 6-9: Eccentricity evolution introducing an exterior (0.39AU) Jupiter planet 
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In this case, the extra planet is located closer to the system in comparison with the previous simulation. 

It is observed (figure 6-8 and 6-9) that Trappist E collide with Trappist F after 460 years because of the 

addition of a Jupiter in the outskirts of the system generates instability to the furthest planets. Slightly 

before this time, a close encounter occur between them that increase both eccentricities and bring closer 

them. At that time all of the planets (except Uppsala) experience a small modification in their semi-major 

axis, but remain stable. Another interesting aspect is a minimal change in semi-major axis for Trappist D 

after 18000 years but that is not translated into large modifications. 

Fractional energy change due to collisions/ejections:  1.75630E-04 

Fractional angular momentum change:                    0.00000E+00 

Trappist F was hit by Trappist E at 2477  4 22.9 

 

  c) 1 Earth-mass exterior planet at a=0.39AU 

 

Figure 6-10: Semi-major axis evolution introducing an exterior (0.39AU) Earth-mass planet 
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Figure 6-11: Eccentricity evolution introducing an exterior (0.39AU) Earth-mass planet 

 

In this c) case, the extra planet has a mass similar to the Earth instead of a Jupiter mass. It is observed 

(figures 6-10 and 6-11) that Trappist E collide with Trappist F after 660 years because of the addition of 

an Earth in the outskirts of the system generates instability to the furthest planets. It occurs around 200 

years after than in the previous simulation due to the lower mass of Uppsala. Slightly before this time, a 

close encounter occur between them that increase both eccentricities and bring closer them. At that time 

all of the planets (except Uppsala) experience a small modification in their semi-major axis, but remain 

stable. Another interesting aspect is the dramatic increase of Trappist D eccentricity (e from 0.2 to 0.36) 

at around 3000 years. It is translated into a separation of its orbit from the star and an exchange in position 

with Trappist F after 500 years (3500 years after the beginning of the simulation); surprisingly, at the end 

stability is achieved for this planet. 

Fractional energy change due to collisions/ejections:  1.63620E-04 

Fractional angular momentum change:                    0.00000E+00  

Trappist F was hit by Trappist E at 2678 8 10.1 

2678 8 10.1 represents the year, month and hour from the beginning of the simulation, respectively. It 

applies for the rest of the analyses. 
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           d) 1 Mercury-mass exterior planet at a=0.39AU and e=0.2 (Mercury eccentricity) 

 

 

 

Figure 6-12: Semi-major axis evolution introducing an exterior (0.39AU) Mercury-mass planet 
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Figure 6-13: Eccentricity evolution introducing an exterior (0.39AU) Mercury-mass planet 

 

In this case, the extra planet has a mass similar to Mercury instead of an Earth or Jupiter mass. It is 

observed (figures 6-12 and 6-13) that Trappist E collide with Trappist F after 440 years because the 

addition of a Mercury-mass planet in the outskirts of the system generates instability to the furthest 
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planets. Slightly before this time, a close encounter occur between them that increase both eccentricities 

and bring closer them. At that time all of the planets (except Uppsala) experience a small modification in 

their semi-major axis, but remain stable. 

The extra planet is located at the same distance with respect to the previous simulation and its lower mass 

should be translated into a later appearance of instability or collision. However, in this case, the extra 

planet has an eccentricity of 0.2 which entails more degree of instability and being the cause of the shorter 

appearance of instability than in the previous case. 

Another interesting aspect is the decrease in Trappist F eccentricity after the collision (from 0.1 to 0.006; 

almost circular orbit) as well as the large oscillations for Trappist D eccentricity. 

Fractional angular momentum change:                    0.00000E+00    

Fractional energy change due to collisions/ejections:  1.45650E-04 

 

Trappist F was hit by Trappist E at 2451 9 7.9 

 

 

  e) 1 mercury-mass intermediate planet at a=0.032 (between E and F) 
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Figure 6-14: Semi-major axis evolution introducing an interior (0.032AU) Mercury-mass planet 
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Figure 6-15: Eccentricity evolution introducing an interior (0.032AU) Mercury-mass planet 

 

In this case, the extra planet has a mass similar to Mercury and is inserted in the middle of the system, i.e. 

a position highly disruptive. It is observed (in figures 6-14 and 6-15) that Uppsala collides with Trappist E 

after 330 years, Trappist E with Trappist F 60 years later and Trappist D with Trappist C around 1000 years 

after after the beginning of the simulation. The addition of a Mercury-mass planet in the middle of the 

system generates instability in some manner to all of the planets. 

Even from the beginning of the simulation, Uppsala and its closest planet (Trappist E) started a dance 

interchanging their position in the system for 300 years; lots of orbits due to their small period. Finally, 30 

years later they collide provoking an increase in the semi major axis of Trappist E from a=0.028 to 0.033 

AU, and subsequently, a decrease in Trappist F from a=0.037 to 0.035 AU. In addition, Trappist G 

experience a slight increase in their distance to the star and Trappist D an approach. This variation 

generates instability and they collide 30 years later. 

Furthermore, 1000 years later, maybe due to the new position of Trappist D, this planet come closer to 

Trappist C dangerously with a collision ending. Thus, generates a new position for Trappist C with a larger 

semi major axis. 

Large variations can be seen in the eccentricity, mostly at the epochs of collision (330 and 1000 years); 

synonym of instability in these range of time. 

Fractional angular momentum change:                    0.00000E+00    

Fractional energy change due to collisions/ejections:  7.32181E-03 

Trappist E was hit by Uppsala at 2349 3 20.6 

Trappist E was hit by Trappist F at 2413 5 31.9 
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Trappist C was hit by Trappist D at 3032 10 13.0 

 

 

f) 1 Jupiter-mass exterior planet at Jupiter's distance (a=5AU) and e=0.06 (Jupiter eccentricity) 

 

 

Figure 6-16: Semi-major axis evolution introducing a super exterior (5.14AU) Jupiter-mass planet 
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Figure 6-17: Semi-major axis evolution introducing a super exterior (5.14AU) Jupiter-mass planet 

 

In this case, similar to the first ones, the extra planet is located further away from to the system in 

comparison with the previous simulation; at 5 astronomical units. It is observed from figures 6-16 and 6-

17 that Trappist D collide with Trappist E after 600 years because the addition of a Jupiter in the outskirts 

of the system generates instability. Slightly before this time (480 years), a close encounter occurs between 

them that increase both eccentricities and bring closer them and even exchanging their position in the 

system. At that time all of the planets (except Uppsala) experience a small modification in their semi-

major axis, but remain stable. For 50 years Trappist D and E were stable in their new position until they 



 

78 
 

experience a big instability with an approximation between them 580 years after and, finally, a collision 

20 years later.   

Fractional angular momentum change:                    0.00000E+00    

Fractional energy change due to collisions/ejections:  2.32181E-04 

Trappist E was hit by Trappist D at 2634 2 24.9 

 

2- Playing with the existing planets 

 

a) Planet B with m=1MJ 
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Figure 6-18: Semi-major axis evolution with Trappist B with 1Mj 

The fact of increasing dramatically the mass in Trappist B up to converting it into a Hot Jupiter, is translated 

to a huge chaos in the system, see figure 6-18. On one hand, Trappist B is hitted by Trappist C in the first 

periods of those planets. On the other hand, Trappist F and E evolve with oscillations in their semi major 

axis until their distance become too short. After 600 years, Trappist F approximates to Trappist E which 

becomes unstable and causes the collision. Due to this, Trappist D is ejected 20 years later with a 
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hyperbolic orbit. In the last figure it can be seen the small changes in the super massive Trappist B planet 

that corresponds with the paranormal activity in the system during the first years. 

   Fractional energy change due to collisions/ejections:  4.90681E-04 

   Fractional angular momentum change:                    1.96729E-03 

Trappist B was hit by Trappist C at 2016 12 5.5 

Trappist F was hit by Trappist E at 2630 9 30.1 

Trappist D ejected at 2649 12 18.73 

 

b) Planet G with m=1MJ 
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Figure 6-19: Semi-major axis evolution with Trappist G with 1Mj 
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Figure 6-20: Eccentricity evolution with Trappist G with 1Mj 

 

The fact of increasing dramatically the mass in Trappist G up to converting it into Jupiter, is translated to 

a huge chaos in the system. The difference in mass between Trappist G and the others provokes 

alterations between the smaller ones as it can be seen in the figures 6-19 and 6-20 and simulation. Firstly, 

Trappist B and D collide each other. Secondly, after 50 years, Trappist E approximates to Trappist B which 

becomes unstable (Trappist E with eccentricities of 0.7) and causes the collision. Due to this, Trappist F is 

ejected 80 years later with a hyperbolic orbit. And, finally, Trappist C and B collide after 540 years from 

the start of the simulation.  

An interesting aspect is the increase in the semimajor axis of Trappist B when some planets disappear 

from the system; at 50 years with the disappearance of Trappist E and at 540 with the disappearance of 

Trappist C. This is because the clearance of the system and the influence from Trappist G. 

 

   Fractional energy change due to collisions/ejections:  5.65798E-04 

   Fractional angular momentum change:                    3.18331E-03 

 

Trappist B was hit by Trappist D at 2023 5 23.9 

Trappist B was hit by Trappist E at 2060 8 4.7 

Trappist F ejected at 2143 12 21.25 

Trappist B was hit by Trappist C at 2556 12 1.8 
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c) Planet F with m=10MF 

 

Figure 6-21: Semi-major axis evolution with Trappist F 10x more massive 

 

 

Figure 6-22: Eccentricity evolution with Trappist F 10x more massive 
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Increasing Trappist F its mass by a power of 10 generates some movements, but later than in the previous 

cases. Trappist F is hit by Trappist G 430 years after and by Trappist D two years later. As it can be seen in 

the figures 6-21 and 6-22, slightly before these collision, Trappist E started to reduce its semi major axis 

causing an instability of Trappist F orbit. Also, Trappist D is influenced by this new position of Trappist E, 

increasing its semi major axis until the collision with Trappist F; only two years after the collision between 

Trappist G and F. 

After 600 years of stability, characterized by oscillations in the orbital period and eccentricity of Trappist 

E, Trappist B increases its orbit and collides with Trappist C that has decreased its distance to the star in 

this time. Finally, stability is achieved. 

Fractional energy change due to collisions/ejections:  5.27536E-04 

Fractional angular momentum change:                    0.00000E+00 

Trappist F was hit by Trappist G at 2448 8 23.3 

Trappist F was hit by Trappist D at 2550 12 29.1 

Trappist C was hit by Trappist B at 11731 12 4.4 

 

 

d) Planet C with m=10MC 

 

 

Figure 6-23: Semi-major axis evolution with Trappist C 10x more massive 
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Figure 6-24: Eccentricity evolution with Trappist C 10x more massive 

 

Figures 6-23 and 6-24 show the effect of increasing Trappist C ten times is the alteration of Trappist D 

orbit which after the increase of eccentricity, collides with Trappist E 170 years later. Trappist E reduces 

its semi major axis from 0.028 to 0.025 AU   

The new planetary position is the cause of a decrease in Trappist G semimajor axis and an increase in 

Trappist F semi major axis that after around 100 years of semi-stability (semi because G eccentricity 

changes from 0.021 to 0.21) they collide. The increase in G eccentricity is motivated by the new position 

of Trappist F which eccentricity has first experienced a dramatic increase. 

 Fractional energy change due to collisions/ejections:  2.67643E-04 

 Fractional angular momentum change:                    0.00000E+00 

 

Trappist E was hit by Trappist D at 2186 8 10.8 

Trappist G was hit by Trappist F at 2329 3 10.2 
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e) Planet B and Planet G with 10 times their mass 

 

 

Figure 6-25: Semi-major axis evolution with Trappist B and G 10x more massive 
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Figure 6-26: Eccentricity evolution with Trappist B and G 10x more massive 

 

This simulation is interesting in the way of observing what happens if both the inner and outer planet 

increases their mass by an order of magnitude in a stable system. The outcome from figures 6-25 and 6-

26 is, of course, the instability. Trappist G and Trappist F hit 40 years after. Due to the elimination of 

Trappist F, Trappist E increases its eccentricity and reduces its orbit provoking the collision with Trappist 

D 6 years later. An interesting outcome from this simulations is the eccentricity evolution and oscillation 

of these planets in the long term with a step at 13000 years from the beginning of the simulation. 
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   Fractional energy change due to collisions/ejections:  1.77993E-03 

   Fractional angular momentum change:                    0.00000E+00 

 

Trappist G was hit by Trappist F at 2155 2 11.6 

Trappist E was hit by Trappist D at 2161 6 19.1 

Trappist C was hit by Trappist E at 15308 4 22.1 

 

f) Planet G with m=1MJ and a=0.1051AU 
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Figure 6-27: Semi-major axis evolution with Trappist G 10x more massive and further away (0.1051) 
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Figure 6-28: Eccentricity evolution with Trappist G 10x more massive and further away (0.1051) 

 

Surprisingly, the substitution of Trappist G into a Jupiter-mass planet (but at 0.1051AU) is only translated 

into a collision between Trappist D and E 1300 years later according to figure 6-27. Slightly before this 

collision a close encounter occurs due to Trappist D increased eccentricity. Trappist E acquires a new 

position; from 0.028 to 0.025 AU and remains stable. After this event, the system has a global stability for 

more than 10 thousand years as it can be seen at the eccentricity in figure 6-28. 

   Fractional energy change due to collisions/ejections:  3.25178E-07 
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Fractional angular momentum change:                    0.00000E+00 

Trappist E was hit bt Trappist D at 3428 2 23.2 

 

g) Planet B with m=3MJ 

 

 

Figure 6-29: Semi-major axis evolution with Trappist B with 3Mj 
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Figure 6-30: Eccentricity evolution with Trappist B with 3Mj 

 

According to figures 6-29 and 6-30 hot super Jupiter provokes a high disruptive event in its neighborhood. 

Quickly, Trappist D and C are ejected (in the first 30 years). Also, curiously, Trappist F get trapped by 

Trappist B influence and collide with the star 80 years after the beginning of the simulation. The plots are 

represented until the first 300 years since no more interesting movements occur. A hot super Jupiter 

generates a stable system with Trappist E and G. 

 Fractional energy change due to collisions/ejections:  2.46990E-03 

  Fractional angular momentum change:                    3.00465E-03 

 

Trappist C ejected at 2034 6 11.41 

Trappist D ejected at 2043 3 16.64 

Star was hit by Trappist F at 2090 8 5.6 
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h) Planet F with m=1MJ and Planet G with m=1MS 

 

 

Figure 6-31: Semi-major axis evolution with Trappist F with 1Mj and G with 1Msaturn 
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Figure 6-32: Eccentricity evolution with Trappist F with 1Mj and G with 1Msaturn 

This simulation, analyzed in figure 6-31 and 6-32, tries to imitate what will happen if Trappist system has 

as outer planets the same as in the case of our solar system. First of all, the gravitational pull between 

Trappist F and Trappist G attract each other and resulting in their collision in the first months of the 

simulation. Some months later, the super planet F (primordial mass of F + mass of G) is hit by Trappist E. 

Some kind of stability is achieved for the remaining planets in the system. However, this super planet has 

consequences in Trappist D eccentricity, which also influences an increase in Trappist C eccentricity and 

the collision between that planet and Trappist B after 16000 years from the start of the simulation. Due 

to new Trappist C position and eccentricity value a close encounter occurs with Trappist D; increasing its 

eccentricity up to 0.18. These planets finally collide 50 years later from the previous collision.  

 

   Fractional energy change due to collisions/ejections:  2.22409E-02 

   Fractional angular momentum change:                    0.00000E+00 

 

Trappist F was hit by Trappist G at 2016 12 4.0 

Trappist F was hit by Trappist E at 2017 4 14.8 

Trappist C was hit by Trappist B at 18651 10 18.6 

Trappist F was hit by Trappist D at 18701 11 2.4 
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i) Solar System masses for each planet conversely 

 

 

Figure 6-33: Semi-major axis evolution with Solar System masses 
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Figure 6-34: Eccentricity evolution with Solar System masses  

 

Let’s see what happens if our solar system presents distances between the planets Mercury to Saturn as 

in the Trappist 1 system. Data from figure 6-33 and 6-34 will confirm the impossibility for survival. As in 

the previous simulation, Jupiter and Saturn will hit in the first months, Mars will be ejected 35 years later 

due to its super massive companion. Venus and Mercury experience a quick collision 8 years later and 

finally, 2500 years later, Earth will be hit by Venus due to a close encounter which increases both 

eccentricity values. 
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Only Jupiter and Earth will survive! 

Fractional energy change due to collisions/ejections:  2.20871E-02 

 Fractional angular momentum change:                    4.14813E-04 

 

Trappist F was hit by Trappist G at 2016 12 4.0 

Trappist E ejected at 2051 12 20.40 

Trappist C was hit by Trappist B at 2059 3 23.3 

Trappist D was hit by Trappist C at 4633 5 10.6 

 

3- Changing host star properties 

 

  a) Solar type star (1Msun and 1Rsun) 

 

Nothing remarkable observed, stability maintains. 

 

  b) 5Msun and 2.5Rsun (according to Main-sequence star hydrodynamic equilibrium) 

 

Trappist B trapped by the star before the first step of integration   

 

  c) 10Msun and 4Rsun  

 

With a massive star of 4 times the radius of out Sun, Trappist B, C and D were trapped by the star. 

 

6.2.2. GJ 667 C system 

6.2.2.1. Definition 
GJ 667 C is a red dwarf M-type star (triple-star system) with a mass of 0.33 solar masses and a radius 

compared to our star of 0.217 times; only 98% less bright than our sun. It harbors a planetary system of 5 

planets, named b, c, f, e, g ordered by distance from their star (a sixth one not confirmed yet) and it is 

located at 22 light-years from Earth in the Scorpius constellation. Three of the planets, are classified as 
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“super-Earth”, with the capacity to have liquid water on the surface. They are expected to be tidally locked 

according to their small distance from the star 

Discovered in the 14th of May 2014 at la Silla Observatory (Chile). GJ667 comprehends a compact system 

(that is very similar to Trappist's) with three planets within the habitable zone of the star (two of them 

inside the conservative region) [45].  

Compared to Trappist 1, they are roughly ten times more massive and are located ten times further out 

from their respective star. 

 

6.2.2.2. Results 
 

1- Adding a planet (BALA) 

 

a) Hot Jupiter with a=0.02AU and e=0.01 

 

Nothing remarkable observed, stability maintains. 

 

                                                         b) Hot Jupiter with a=0.035AU, e=0.01 
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   Figure 6-37: Semi-major axis evolution introducing an interior (0.035AU) Jupiter-mass planet and 

coplanar 
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Figure 6-38: Eccentricity evolution introducing an interior (0.035AU) Jupiter-mass planet and coplanar 

For sake of clearness, at the top plot of Figure 6-37 is represented GJ 667 B with the rest of the planets 

except the extra planet Bala and, at the bottom figure Bala with the rest of the planets except GJ 667 B. 

By looking at figures 6-37 and 6-38 The fact of introducing an inner hot Jupiter with a closer distance to 

the rest of the planets; 0.035 AU instead of 0.02 AU results into a system with more stability. Only causes 

the ejection of its nearest planet (GJ 667 B) after 65 years. It should be pointed out the slight decrease in 

Bala semi major axis and eccentricity increase at that epoch.  

Fractional energy change due to collisions/ejections:  1.33826E-04 

Fractional angular momentum change:                    2.36386E-02 

GJ667 B ejected at 2080 6 13.58 
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c) Hot Jupiter with a=0.035AU, e=0.01 and i=40º 

 

   Figure 6-35: Semi-major axis evolution introducing an interior (0.035AU) Jupiter-mass planet with 

40º of inclination 

 

 

   Figure 6-36: Eccentricity evolution introducing an interior (0.035AU) Jupiter-mass planet with 40º of 

inclination 
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The effect of introducing a hot Jupiter interior to all other planets, with an inclination of 40º, in the system 

causes an important increase in the planetary eccentricities. According to figures 6-35 and 6-36, GJ 667C 

is the first planet to collide with the hot Jupiter after 250 years. Then, at around 2000 years after F and E 

separate their orbits and at 5000 F reach values in eccentricity of 0.7 which promotes a potential 

instability. At around 8000 years, C increases its semi major axis from 0.2 to 0.6 (matching with its 

maximum e=0.9); E and F were inner planets with respect to C. This new configuration as well as chaotic 

values in eccentricity motivate the lost of stability for GJ 6667 F 11200 years after and its final collision 

with the star.  

Ten thousand years later, C orbit starts to approximate to E at around 0.25 AU for 5000 years. Curiously, 

in that time they present opposite trends in eccentricity. After this period, E increases its semi major axis 

and its eccentricity dramatically until a period of big instability that drives to its collision with the star 

34000 years after the start of the simulation. 

Fractional energy change due to collisions/ejections:  8.37444E-03 

   Fractional angular momentum change:                    0.00000E+00 

 

Bala was hit by GJ667 B at 2474 1 3.0 

The star was hit by GJ667 F at 13323 7 5.0 

The star was hit by GJ667 E at 35890 12 9.4 

   

d) Jupiter-mass intermediate planet with a=0.18AU, e=0.4 and i=85º (high eccentricity) 

   

 



 

103 
 

 

  

Figure 6-39 Semi-major axis evolution introducing an intermediate (0.18AU) Jupiter-mass planet and 

with high eccentricity  
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Figure 6-40 Eccentricity evolution introducing an intermediate (0.18AU) Jupiter-mass planet and with 

high eccentricity  

 

The case of introducing an intermediate massive planet (figure 6.39 and 6.40) results into a massive 

disruption of system equilibrium, even more if it has high eccentricity as in this case (e=0.4). Although 

stability is achieved after 370 years for the remaining planets, this first 400 years were unstable. It is shown 

in the eccentricity plot for GJ 667 C, E, F (the nearest planets to Bala) where they reach high values with 

large oscillations between them.  

Regarding to their semi major axis, they follow a similar trend during the first 100 years and after that 

Trappist C and E approximates to Bala and Trappist F moves away from the big planet even overcoming 

GJ 667 G with values of 10 AU. Finally, Bala and GJ 667 E hit after 215 years, F is ejected 50 years later and 

C collide with the star 100 years later due to its chaotic orbit. 

 

   Fractional energy change due to collisions/ejections:  1.20492E-02 

   Fractional angular momentum change:                    1.11045E-02 

 

Bala was hit by GJ667 E at 2232 6 6.1 

GJ667 F ejected at 2282 1 15.19 

The star was hit by GJ667 C at 2388 3 9.2 

 



 

105 
 

e) Jupiter-mass intermediate planet with a=0.3AU, e=0.08 and i=85º 

 

 

Figure 6-41 Semi-major axis evolution introducing an intermediate (0.3AU) Jupiter-mass planet and 

moderated eccentricity  
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Figure 6-42 Semi-major axis evolution introducing an intermediate (0.3AU) Jupiter-mass planet and 

moderated eccentricity  

 

In this simulation (figures 6-41 and 6-42) Bala’s lower eccentricity causes less modifications. However, its 

actual position is still very disruptive. Because its closeness with GJ 667 E (only 0.087 AU), E is the first 

planet to experience variations in its orbit. It starts to approximate to GJ 667 F 800 years after the start of 

the simulation. Similar movement occurs with GJ 667 C. E acquires a chaotic orbit for 400 years and C 

started a dance with GJ 667 F  for almost 4000 years with the outcome of GJ 667 C ejection and F reaching 

stability in a new position in the system (closer to the star). They reach eccentricity values above 1 and 

are ejected from the system with hyperbolic orbits.  

It is shown that, after 5000 years, stability is achieved for the system of Bala, GJ 667 B, G and F.  

   

   Fractional energy change due to collisions/ejections:  1.82007E-04 

   Fractional angular momentum change:                    2.72483E-02 

 

GJ667 E ejected at 3423 7 15.1 

GJ667 C ejected at 7426 9 17.0 
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f) Jupiter-mass intermediate planet with a=0.19AU, e=0.08 and i=85º 
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Figure 6-43 Semi major axis evolution introducing an intermediate (0.19AU) Jupiter-mass planet and 

moderated eccentricity  

 

 

 Figure 6-44 Semi major axis evolution introducing an intermediate (0.19AU) Jupiter-mass 

planet and moderated eccentricity  

 

Same conditions as in the previous simulation but with the extra planet located in a new intermediate 

position (figures 6-43 and 6-44). Position that alters the equilibrium completely resulting to difficult 

situations for almost all the planets. Firstly, GJ 667 F is rapidly engulfed by the star due to its chaotic orbit. 
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Secondly, occurs the ejections of GJ 667 E and C 1350 and 2750 years later respectively. Both ejections 

follow the similar development: chaotic orbit with large variations and values in eccentricity and with 

large values in semi major axis that finally eccentricity exceed the limit and their orbit become hyperbolic. 

During these collisions and ejections, GJ 667 G circularized its orbit. Finally, B hits the star 3500 years after 

the start of the simulation. 

   Fractional energy change due to collisions/ejections:  7.34088E-02 

   Fractional angular momentum change:                    2.19644E-02 

The star was hit by GJ667 F at 2077 2 18.8 

GJ667 E ejected at 3563 11 9.4 

GJ667 C ejected at 4760 3 2.6 

The star was hit by GJ667 B at 5514 8 28.7 

 

g) Jupiter-mass intermediate planet with a=0.3AU, e=0.2 and i=85º 
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Figure 6-45 Semi major axis evolution introducing an intermediate (0.3AU) Jupiter-mass planet and 

with medium-high eccentricity  
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Figure 6-46 Eccentric evolution introducing an intermediate (0.3AU) Jupiter-mass planet and with 

medium-high eccentricity  

This case is similar to case e) but with a more eccentric planet; 0.3 compared to 0.08 in the e) case. 

Equilibrium (figure 6-45 and 6-46) is broken before with a Bala and GJ 667 E collision only 2 years after 

the start. Then, a close encounter between the massive extra planet and GJ 667 F occurs (150 years later) 

and increases F eccentricity dramatically up to values of 0.8. Finally, due to this super eccentric orbit, F 

hits the star at 320 years after the beginning of the simulation. GJ 667 G experiences some but stable 

oscillations in its semi major axis. 
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   Fractional energy change due to collisions/ejections:  1.42535E-02 

   Fractional angular momentum change:                    0.00000E+00 

 

Bala was hit by GJ667 E at 2018 8 18.2 

The star was hit by GJ667 F at 2331 9 5.9 

 

h) Low-mass intermediate planet (m=0.01MJ) with a=0.19AU, e=0.08 and i=85º 

 

Figure 6-47 Semi major axis evolution introducing an intermediate (0.19AU) 0.01%Jupiter-mass planet  
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Figure 6-48: Eccentricity evolution introducing an intermediate (0.19AU) 0.01%Jupiter-mass planet  

 

Same as in the f) case but with a less massive planet; 0.01 Jupiter masses instead of 1 Jupiter mass. This is 

an interesting case because the extra planet has a mass of the same order of magnitude as the rest of the 

planets. It is noticed (figure 6-47 and 6-48), the highly disruptive location that 0.19 AU in this system is, 

although the extra planet lower mass delays the fatalistic consequences for the planets. On one hand, 

planet C and F break their stability each other with the outcome of a collision between them 3150 years 

after. On the other hand, planet E and Bala has a similar behavior and break their stability each other with 

the outcome of a collision between them 6050 years after.  

This new E and C position will be stable for 18000 years but at this epoch starts a period of instability 

between them provoking an increase of E eccentricity and a collision of both planets after 3000 years of 

imbalance. 

   Fractional energy change due to collisions/ejections:  4.42406E-02 

   Fractional angular momentum change:                    0.00000E+00 

 

GJ667 C was hit by GJ667 F at 5181 11 25.4 

GJ667 E was hit by BALA at 8045 10 17.8 

GJ667 C was hit by GJ667 E at 31973 3 18.5 
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i) Low-mass intermediate planet (m=0.01MJ) with a=0.3AU, e=0.2 and i=85º 

 

 

Figure 6-49: Semi major axis evolution introducing an intermediate (0.19AU) 0.01%Jupiter-mass 

planet and with medium-high eccentricity 

 

 

Figure 6-50: Eccentricity evolution introducing an intermediate (0.3AU) 0.01%Jupiter-mass planet and 

with medium-high eccentricity  



 

115 
 

Same as in the g) case but with a less massive planet; 0.01 Jupiter masses instead of 1 Jupiter mass. This 

is an interesting case because the extra planet has a mass of the same order of magnitude as the rest of 

the planets. It is noticed that (figure 6-49 and 6-50), although there are some oscillations in the four 

intermediate planets where they modify slightly its semi major axis, only GJ 667 F collide with GJ 667 E 

22000 years after the beginning of the simulation. Due to this, Trappist E change its orbit more than the 

other planets but remain stable as the system does.  

 

   Fractional energy change due to collisions/ejections:  5.29857E-03 

   Fractional angular momentum change:                    0.00000E+00 

 

GJ667 E was hit by GJ667 F at 24025 7 5.0 

 

 

2- Playing with the existing planets 

 

a) Planet G with m=10MG 

   

Nothing remarkable observed, stability maintains. 

 

b) Planet G with 1MJ 

 

Nothing remarkable observed, stability maintains. 

 

 

 

 

 

 

 

 



 

116 
 

c) Planet B with 3MJ 

 

Figure 6-51: Semi-major axis evolution with GJ 667 B with 3Mj 

 

 

Figure 6-52: Eccentricity evolution with GJ 667 B with 3Mj 

 

The effect of increasing the most inner planet its mass to 3 Jupiter masses has a surprising small effect 

(figures 6-51 and 6-52). It is true that all the planets show oscillations in their parameters, but stable 

oscillations. Interesting is the gradual increase in GJ 667 G eccentricity from 0.05 to 0.35. Only during the 
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first 1600 years equilibrium is broken, but after the collision between C and F and the new GJ 667 C 

position equilibrium is restored.  

   Fractional energy change due to collisions/ejections:  7.55046E-07 

   Fractional angular momentum change:                    0.00000E+00 

 

GJ667 C was hit by GJ667 F at 3681 4 13.1 

 

 

d) Planet B with 1MJ 

 

Figure 6-53: Semi-major axis evolution with GJ 667 B with 1Mj 
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Figure 6-54: Eccentricity evolution with GJ 667 B with 1Mj 

The effect of increasing the most inner planet mass in a lesser extent with respect to the previous case 

has the result of an even smaller effect (figures 6-53 and 6-54). The instability starts to appear 27000 years 

later, initiated with an interchange in the orbital position between GJ 667 F and C. This new position causes 

a period of semi stable situation between the intermediate C, E and F planets for 5000 years and at 32500 

years after the beginning of the simulation chaos prevails on these three planets. Thus, E is ejected 2600 

years later and F overcome C. GJ 667 B and C do not experience large modifications.  

 

   Fractional energy change due to collisions/ejections:  4.19133E-05 

   Fractional angular momentum change:                    1.24959E-02 

 

GJ667 E ejected at 35113 7 22.2 
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e) Planet F with 1MJ 

 

 

 

Figure 6-55: Semi-major axis evolution with GJ 667 F with 1Mj 
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Figure 6-56: Eccentricity evolution with GJ 667 F with 1Mj 

 

To increase an intermediate planet as GJ 667 F its mass to 1 Jupiter mass has the following results (figures 

6-55 and 6-56). Only the two closest planets to F experience imbalances. Due to close encounters with F, 

they are finally ejected at 300 and 7400 years after the beginning of the simulations in a very similar 

manner looking at the plots. The rest of the planets remain impassive to this changes. 

   Fractional energy change due to collisions/ejections:  9.08875E-04 

   Fractional angular momentum change:                    2.76414E-02 

 

GJ667 C ejected at 2332 6 11.3 

GJ667 E ejected at 9451 4 11.1 
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f) Planet F with 3MJ 

 

Figure 6-57: Semi-major axis evolution with GJ 667 F with 3Mj 

 

 

Figure 6-58: Eccentricity evolution with GJ 667 F with 3Mj 
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This case is completely similar to the previous one, except the increase is up to 3 Jupiter masses. This 

change only has effects (figures 6-57 and 6-58) on the closest planets as in the previous simulations. 

However, the imbalances occur before; precisely, C collide with GJ 667 F in 8 years from the beginning of 

the simulation and E is ejected by a hyperbolic orbit 47 years later. The rest of the planets remain 

impassive to this changes. 

   Fractional energy change due to collisions/ejections:  7.93345E-06 

   Fractional angular momentum change:                    4.03800E-03 

 

GJ667 F was hit by GJ667 C at 2024 6 18.5 

GJ667 E ejected at 2071 9 12.9 

 

 

g) Solar system masses (B-Venus, C-Earth, F-Mars, E-Jupiter, G-Saturn) 

 

Figure 6-59: Semi-major axis evolution with Solar System masses 
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Figure 6-60: Eccentricity evolution with Solar System masses 

The always interesting case of what happened in GJ 667 with our solar system planetary masses results in 

the following (Figure 6-59 and 6-60): only one crash between planets. Unlike in the Trappist simulation 

where all the planets experience important changes in their situation, in GJ 667 only planet F is affected 

(Mars) with a strange behavior of its eccentricity that ends with a collision with GJ 667 E 1100 years after 

the beginning of the simulation. The rest of the planets continue in equilibrium.   

 

   Fractional energy change due to collisions/ejections:  1.37144E-05 

   Fractional angular momentum change:                    0.00000E+00 

 

GJ667 E was hit by GJ667 F at 3122 8 1.9 
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h) Planet C, E and B with 1MJ 
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Figure 6-61: Semi-major axis evolution with GJ 667 B/C/E with 1Mj 

 

 

 Figure 6-62: Eccentricity evolution with GJ 667 B/C/E with 1Mj 

 

This case of increase the mass of the two innermost planets and the fourth planet from the star up to 1 

Jupiter mass is lesser disruptive than increasing only GJ 667 F its mass to that value (Figure 6-61 and 6-
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62). Interestingly, only Trappist F acquire a chaotic orbit from the beginning, even going further away 

than GJ 667 G with semi major axis between 0.4 and 1.2 AU during the first 200 years and, finally, 

colliding with the star 230 years after the beginning of the simulation. GJ 667 G experience the same 

gradual increase in time in eccentricity as in the c) case. 

 

 Fractional energy change due to collisions/ejections:  4.11232E-03 

   Fractional angular momentum change:                    0.00000E+00 

 

The star was hit by GJ667 F at 2242 1 2.4 

 

 

3- Changing host star properties 

 

Nothing remarkable observed, stability maintains. 

 

  a) 1 solar mass  

  b) x10 solar mass 

  c) x5 solar mass 

 

6.2.3 TEEGARDEN system 

 

6.2.3.1 Definition 
The recently discovered Teegarden planetary system is, by the day of writing, composed by two planets 

According to some indexes like mass (1.11 and 1.05 Earth mass respectively), these planets are the most 

similar compared to Earth among all of the discovered exoplanets. Obviously, both of them are within the 

habitable zone. Their semi major axis are 0.0252 and 0.0443 AU respectively. 

The star, TEEGARDEN A has a mass of 0.089 solar masses and a radius of 0.107 solar radii (a star almost 

identical to Trappist-1 A). The planetary system is located in our neighborhood, at 12.57 light years, and 

was discovered this summer (2019) in Spain, at Calar Alto Observatory [46]. 
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6.2.3.2 Results 
 

As extra simulations, Teegarden will be analyzed. Not a lot of conclusions can be obtained from a system 

with only two planets. It can be seen, that for the majority of the cases, nothing remarkable is observed. 

applying the previous modifications in Trappist 1 and GJ 667C systems. However, we can see the limit 

that causes the start of instability in the system. 

1- Adding a planet (LUIGI) 

 

a) 8.36.10-3MJ exterior planet at a=0.1AU and e=0 

 

Nothing remarkable observed, stability maintains. That value of mass has been selected in order to have 

a planet of a similar mass of Teegarden B + Teegarden C masses. 

 

b) 1MJ exterior planet at a=0.1AU and e=0 

 

Nothing remarkable observed, stability maintains. 

 

c) 1MJ exterior planet at a=0.06AU and e=0 

 

Luigi was hit by Teegarden C at 2018 9 6.6 

 

d) 1MJ interior planet at a=0.01AU and e=0 

 

Nothing remarkable observed, stability maintains. 

 

e) 5MJ exterior planet at a=0.1AU and e=0 

 

Nothing remarkable observed, stability maintains. 

 

f) 5MJ exterior planet at a=0.1AU and e=0.2 
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In this case, the close encounter occurs extremely fast due to the large mass and eccentricity of Luigi. 

Trappist C becomes unstable increasing its eccentricity dramatically and, consequently, be eaten by the 

star. 

   Fractional energy change due to collisions/ejections:  2.57431E-03 

   Fractional angular momentum change:                    0.00000E+00 

 

The star was hit by Teegarden C at 2020 6 1.9 

 

 

g) 10MJ exterior planet at a=0.1AU and e=0.02 

 

 

Figure 6-63: Semi major axis evolution introducing an exterior (0.1AU) x10Jupiter-mass planet 
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Figure 6-64: Eccentricity evolution introducing an exterior (0.1AU) x10Jupiter-mass planet 

 

In this case (Figure 6-63 and 6-64), the close encounter occurs slightly slower than in the previous 

simulation due to the large mass and eccentricity of Luigi. Trappist C becomes unstable increasing its 

eccentricity dramatically and, consequently, be eaten by the star 80 years later. Some small oscillations in 

Trappist B eccentricity can be obtained from the plots. It is interesting that larger values of eccentricity 

are more disruptive than of mass. 

 Fractional energy change due to collisions/ejections:  1.17876E-03 

   Fractional angular momentum change:                    0.00000E+00 

 

The star was hit by Teegarden C at 2097 6 21.6 

 

 

h) 1MJ exterior planet at a=0.1AU and e=0.1 

 

Nothing remarkable observed, stability maintains.  
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i) 10MJ exterior planet at a=1AU, e=0.02 and i=30º 
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Figure 6-65: Semi major axis evolution introducing an exterior (1AU) x10Jupiter-mass planet 
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133 
 

 

 

 

Figure 6-66: Eccentricity evolution introducing an exterior (1AU) x10Jupiter-mass planet 

 

Slow but similar oscillations and increase in both Teegarden B and C eccentricity due to the high distance 

between them and the extra planet cause of perturbations Luigi (see Figure 6-65 and 6-66). At around 

21000 years after the beginning of the simulation, Teegarden B and C experience modifications and 

oscillation in their semimajor axis; which has remained constant until then. Finally, they collide 6500 years 

later and Teegarden C reduces its orbit until 0.02 AU (and with stable oscillations in eccentricity).  
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   Fractional energy change due to collisions/ejections:  1.19174E-02 

   Fractional angular momentum change:                    0.00000E+00 

 

Teegarden C was hit by Teegarden B at 27542 2 4.7 

 

 

 

2- Playing with the existing planets 

 

a) Planet C with m=10MC and Planet B with a=0.0252, e=0 and i=89.9º 

   

Nothing remarkable observed, stability maintains.. In these first analyses inclination extreme inclination 

cases would be introduced. 

 

b) Planet C with 1MJ, e=0 and i=89.9º 

 

Nothing remarkable observed, stability maintains. 

 

c) Planet C with 1MJ, e=0.02 and ¿i=0º? 

 

Nothing remarkable observed, stability maintains. 
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d) Planet C with 1MJ, a=0.0443AU, e=0.02 and i=45º 
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Figure 6-67: Semi-major axis evolution with Teegarden C with 1Mj and i=45º 
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Figure 6-68: Eccentricity evolution with Teegarden C with 1Mj and i=45º 

 

This case (Figure 6-67 and 6-68) is interesting because the limit in the stability for this system is showed. 

A combination of a Jupiter-mass planet substituting Trappist C with an eccentricity of 0.02; that in previous 

simulations resulted into “Nothing remarkable observed”. However, setting the inclination parameter at 

45º, results into an ejection of Teegarden B 19000 years later. In one of the plots, it is showed that, 

eccentricity oscillations are only present if the star harbor more than one planet. 
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  Fractional energy change due to collisions/ejections:  7.47825E-05 

   Fractional angular momentum change:                    4.39123E-03 

 

Teegarden B ejected at 21348 9 19.3 

 

 

e) Planet C with 1ME, a=0.0443AU, e=0.2 and i=88º 

 

Nothing remarkable observed, stability maintains. 

 

f) Planet B with a=0.0252AU, e=0.2 and i=85º and Planet C with a=0.044AU, e=0 and i=89.9º 

 

Nothing remarkable observed, stability maintains. 

 

g) Planet B with 1MJ, a=0.0252AU, e=0.05 and i=85º and Planet C with e=0.02 and i=89.9º 

 

Nothing remarkable observed, stability maintains. 

 

h) Planet B with 1MJ, a=0.0252AU, e=0.05 and i=85º and Planet C with 1MJ, e=0.02 and i=89.9º 

 

Nothing remarkable observed, stability maintains. 
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i) Planet B with 1MJ, a=0.0252AU, e=0 and i=85º and Planet C with 1MJ, e=0.2 and i=89.9º 

 

 

Figure 6-69: Semi major axis evolution with Teegarden C and B with 1Mj 

 

 

Figure 6-70: Eccentricity evolution with Teegarden C and B with 1Mj 
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Two supermassive planets in that small distance has as result their fast collision, see Figure 6-69 and 6-

70. 

 

   Fractional energy change due to collisions/ejections:  5.42917E-02 

   Fractional angular momentum change:                    0.00000E+00 

 

Teegarden B was hit by Teegarden C at 2028 2 21.2 

 

3- Changing host star properties 

 

  a) 1 solar mass 

 

Nothing remarkable observed, stability maintains. 

 

 

  c) x5 solar mass 

 

Nothing remarkable observed, stability maintains. 

 

  b) x10 solar mass 

 

   Fractional energy change due to collisions/ejections:  6.24380E-01 

   Fractional angular momentum change:                    0.00000E+00 

 

The star was hit by Teegarden B at 3007 5 6.0 
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7.    Conclusions 
 

This work tries to obtain some conclusions about planetary system formation and evolution which can 

help to understand the different architectures found in the exoplanets that have been discovered for the 

last months and years.  

From chapter two the most relevant outcomes are that the techniques, results and possibilities are being 

improved exponentially due to the development of technology, that there is an open field full of 

possibilities to research, and that the search for life around our local Universe is highly correlated with 

the analysis of exoplanets. This search is not very far from interesting results (James Webb Telescope- 

PLATO…). As more planets are discovered, more knowledge is obtained about them and about our Solar 

System. Also, soon or later humankind would need to have a plan B, or planet B better speaking. 

From the different methods to detect exoplanets, transit is the most successful one for the last years and 

radial velocity the one which opened the path. However, depending on the advantages and biases of each 

one, all of them are interesting and should be developed in order to detect different kinds of planets. For 

example, radial velocity measurements have revealed giant planets close to their star. Gravitational 

lensing with the improvements in the field of gravity fields should be of great importance in the future 

because this method is able to detect low massive planets with large orbits. Transit-timing variations 

should be measured for detecting also small planets and moons in multi-planetary systems. Direct 

detection (visible or infrared), if improved, could provide lot of different information that is very difficult 

for other methods. 

Regarding the formation and evolution of the planetary systems, the historical Laplace Nebula, Jeans Tidal 

and Capture theories have been developed with new concepts as disk instability model and core accretion 

models which explains more in detail the behavior of the planetesimals in the disk. It explains why 

different types of planets are located at a certain distance from the star such us disk migration or the high-

eccentric migration which entails eccentricity excitation plus tidal circularization. For the main dynamical 

processes in a planetary system without gas and dust can be found: planet-planet scattering, mean motion 

resonances, secular resonances and the EKL mechanism. All of them together and or separately explain 

the evolution and sometimes the actual position of the planets at most of the stellar system. 

Regarding the planetary system database and its planetary distribution according to type of host, 

metallicity, mass, spacings, multiplicity, orbital parameters some important conclusions can be obtained. 

G and K-type stars are the ones which hosts more planets. There is a scarcity of planets with around 0.1 

Jupiter masses where it is located the natural division between gas giant planets and rocky small planets 

formation. Planets around metal-poor stars as well as stars with effective temperature lower than 4200K 

have higher planetary periods. In terms of eccentricity, near circular orbits are the dominant and the 

largest values in eccentricity are in giant planets. Larger orbital periods present broad distribution of 

eccentricities and the smallest eccentricities are observed for close-in planets. In addition, giant planets 

around metal rich stars have higher eccentricities than similar planets around metal-poor stars. The 

systems with more than 3 planets have lower eccentricity values on average compared to systems with 

only 2 planets. Planetary systems with small planets with periods less than a year are roughly as flat as 

our solar system. Short-period planets nearest to their stars have a wide range of mutual and individual 

inclinations.  
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With respect to multiplicity, more than 40% of the stars host more than one single planet and planetary 

densities are higher in systems with more planets. Migration mechanisms seem to operate different at 

single and multiple planetary systems. This is apparent in the distribution of semimajor axis of exoplanets: 

multi-planet systems present a more uniform distribution, while single-planet systems present a pile-up 

at 3 days periods (a=0.05, Hot Jupiters) and a jump close to 1 AU. For orbital spacings, the most commonly 

observed period ratios are in the range of 1.5-3.0, high mass planets are more often found in resonances 

and in multi-planet systems with very close-in planets, the inner planets tend to be the same size and 

regularly spaced. Lastly, for metallicity considerations, super-Earths (0.03 to 4 MJ) around metal-rich stars 

are closer to their host star than planets around metal-poor stars and they rarely reach the Habitable 

Zone. Also, there are more giant planets around metal-rich stars than around metal-poor stars and there 

is a lack of metal-rich and low mass planets with longer periods; massive planets at low [Fe/H] stars are 

found further out (P > 100 days). Also, large eccentricities are predominately found in stellar metal-rich 

environments. The metallicity of the host star increases with increasing planet radius and mass up to 10 

Earth radii or 1 Jupiter mass and, above 4 Jupiter masses, the average exoplanet’s star metallicity 

decreases. 

From the last chapter, the simulations show some interesting aspects. On one hand, multiple planetary 

systems are highly vulnerable to perturbations rather than systems with only two planets like Teegarden 

and the period of instability lasts much longer. Introducing intermediate planets is more disruptive than 

planets in the inner or outer part of the system. On the other hand, parameters such as inclination and 

eccentricity break the equilibrium more than others such as mass. Focusing on each planetary systems 

the results obtained are the following: 

Trappist 1 - Adding an extra planet has similar effects if the planet is 1 Jupiter mass with e=0.08 and if 

the planet is 1 Mercury mass with e=0.2 both with a=0.39 AU. The addition of an exterior extra planet 

has important effects on F and G even at 1AU if it is 1 Jupiter mass. To add a planet in the middle of the 

system (between E and F) with a mass similar to the rest of the planets in the system generates a quick 

instability in the first 800 years with the collisions between all of the planets except the innermost and 

outermost ones. Playing with the parameters of the planets, if B would be a hot Jupiter it will have 

catastrophic consequences for C, D, E; only with F and G this hot Jupiter achieves stability (with 3Mj the 

planets affected are the same but at shorter timescales; only 70 years compared to 600). Even worst is if 

G would acquire a Jupiter mass, because all of the planets will experience a fatalistic end except B. 

Although if this planet is moved away to 0.1051AU, it has little influence in the system. To increase by a 

factor of 10 C and F its mass has similar consequences around their neighborhood and surprisingly their 

closest planet E and B remain stable respectively. Finally, reproducing the solar system masses in the 

system, F and G collides very fast because of their super mass (Jupiter and Saturn) and only C survives 

(Earth!) due to its superior mass compared to B (it demonstrates theories explained in chapter 4 and 5). 

If only the two gas giants are considered and the rest of the planets have the original Trappist’s masses, 

the ending is the same but after more time. 

GJ 667 C - Adding an extra planet with a similar mass than the rest of the planets between planet F and E 

results in a situation of semi-stability during a large period with eventual hits between C, F and the 

planet with the total stability achieved at 32000 years. If the mass is about 1 Jupiter mass the results are 

chaotic with a system only formed by G and the extra planet after 3000 years. If the extra planet is 

located as the innermost planet and with 1 Jupiter mass nothing happened. at 0.02 AU but at 0.03 AU a 

small effect was observed with the rapid ejection of B after 60 years. Interesting is to point out that if 
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the extra same planet and at the same location has an inclination of 40º, planet B, F and E are 

eliminated from the system only in the first 300 years of the simulation. Playing with the parameters, 

increasing the outermost planet its mass 10 times or even up to 1 Jupiter mass, it did not have effect on 

the stability of the system; its next planet GJ 667 E is closer to the star than to this planet. Replacing 

planet B by a hot Jupiter has a little effect only in planet E that is ejected after 35000 years and even 

replacing by a 3 times Jupiter-mass planet has small effect (hit between C and F after 1600 years. 

Compared to Trappist, it is less vulnerable due to their higher planetary mass. To increase the mass for 

the intermediate planet has only effect on their immediate neighbouring planets (C and E); planet E is 

ejected after 7000 years or after 60 years if F has a mass of 1MJ or 3MJ, respectively. Planet G can 

survive even with three inner Jupiter planets in the position of B, C and E. Finally, reproducing the solar 

system masses in the system, only Mars, F, collides with Jupiter, E, before stability is achieved. This 

demonstrates that giant planets at intermediate positions are more disruptive than at outer positions. 

Teegarden - It is a robust planetary system since it is not sensitive to the modifications, only in some 

special and exaggerate cases breaks its stability. If we add a Jupiter-mass planet as disturber, it only has 

effect located at 0.06 AU (Teegarden C and the extra planet collided), but not at 0.01 or 0.1 AU even 

with eccentricities of 0.1. If the extra planet has a mass of 5 Jupiter masses and is located at 0.1 AU only 

for eccentricities larger than 0.2 the equilibrium is destroyed (C hits the star). For a supermassive planet 

(10 Jupiter masses), chaos is effective up to distances of 1 AU (with inclinations of 30º). Playing with the 

parameters of the planets, by increasing Teegarden C mass up to 1MJ only if it is combined with 

increasing the eccentricity to 0.2 or setting the inclination to 45º provokes relevant changes in the 

system. 

Changing the mass of the host star has a very small or negligible effect in all three systems. 
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9. APPENDIX 
 

      9.1 LIFE AND HABITABILITY CONDITIONS 
  

Water is present in a lot of places of the Universe; however, it is almost always in solid state. In order to 

have liquid water present on their surfaces, planets should be located at a certain distance from their host 

(Habitable Zone). For example, if the Earth comes closer to the Sun by only a slight percentage, weather 

will be chaotic, the oceans gets hotter, more water vapor and greenhouse effect where the oceans will be 

vaporized. On the other hand, if it would be moved away from the Sun by a small percentage; the Earth 

will be colder, resulting in more snow and ice that reflects more Sun radiation and turning the Earth into 

a “snow ball”. The first mathematical model of planetary habitability from 1970 predicted a very narrow 

threshold for the habitable zone. However, the recent discoveries of geological science have expanded 

that range. Apart from being at a proper distance from the star, what makes a planet habitable principally 

is the carbon cycle. In the Earth, carbon in the form of C02 trap the heat from the sun; without it, 

temperatures would decrease dramatically. However, C02 is not only in the atmosphere. Vegetation and 

surrounded trees exchange through photosynthesis every carbon molecule with the atmosphere every 12 

years, but on larger scales, this is what we known as carbon-silicon cycle where co2, through the combined 

atmospheric and oceanic mechanism, accumulates in carbonated rocks. Sediments rich in c02 arrive to 

the ocean and terrestrial crust through marine faults where the last geological mechanism close the cycle. 

Tectonic activity (like in the Earth) or a similar process is needed to maintain the carbon activity in a large 

scale in order to ensure life. 

The last step to select the appropriate planet to send a future mission in order to analyze its life’s presence 

is linked with the analysis of its atmosphere. The gases which are associated with life put their own 

blueprint in the atmosphere in a significant way. Our atmosphere is full of oxygen and methane that 

cannot be present only by geological processes (life was the only possible explanation until some abiotic 

mechanisms producing oxygen on certain types of planets have recently been identified). Charbonneau, 

using Hubble telescope observations of Osiris (giant gaseous planet with a period of 3.5 days), analyzed 

the light of the star when it passes through the exterior parts of the planets where it interacts with the 

atoms and molecules present in its atmosphere. Different atoms absorb different light frequencies in the 

electromagnetic spectrum and allow others to pass, creating a color signature. The presence of sodium 

was confirmed at Osiris’ atmosphere.  

To analyze different types of stars is of course mandatory in order to search for life. The majority of the 

stars in our galaxy are ¼ the mass of our Sun, they appear not yellow, but red type M. They are colder, so 

that, the habitable zone occurs closer to the star. This could have dramatic consequences for the 

development of life in the planets; they can be tidally locked which happens when the object is very close 

to the star. They orbit in synchronous rotation with the star, facing the same face to the star; the star 

always illuminates the same part of the planet (hotter one) and darken the other part (colder one). Besides 

provoking a hotter side and a colder side, its slow rotation could prevent the formation of an 
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electromagnetic shield to protect the planet from radiation. These stars, in spite of they are less luminous 

than the sun, they have higher magnetic activity with more high energy radiation that could evaporate 

the atmosphere of a planet easily. However, using sophisticate climate models (like ROCKE-3D; a climate 

model code given in Planetary Atmosphere course in Uppsala University), scientists have recently 

demonstrated that, with an adequate atmosphere, heat could be transported from the hot side to the 

cold side. This is an important step since 70% of the stars in our galaxy are of type M, thus, life could be 

present in many places of our galaxy and should be easy to detect. Even our closest star (Proxima Centauri) 

has a planet inside its habitable zone (Proxima b, discovered by HARPS spectrograph).  

 

  

 

 

 

 


