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6. Formation of the Solar System; 

Extrasolar planets 



• The formation theory has to explain currently observed 
dynamical and physical properties of different objects in the 
Solar System: 
– Orbits of the planets are nearly circular and nearly in the equatorial 

plane of the Sun (but not exactly!). 
– The planets are orbiting in the same direction (also the rotation 

direction of the Sun), and most of them rotate in the same direction 
(except Venus and Uranus). 

– Different estimations of age: according to radiometric dating of 
meteorites, the age is at least 4.56 billion years; whereas, based on 
the datings made of rocks of Earth and Moon, the age is less than 4.4 
billion years  the formation process lasted at least 200 million 
years. 

– Existence of rocky terrestrial planets near the Sun and gas giants 
further away from the Sun. 

– Moons and planetary rings. Most of the moons orbit their planets in 
the same direction and in the same plane as the planets orbit the 
Sun.  

– Comets, asteroids, Kuiper belt, scattered disc, Oort cloud. 

 



A brief history of formation theories 

• Heliocentrism and the 
existence of the Solar System 
gained general acceptance in 
the late 17th century  the 
question of origin? 

 

• Nebular hypothesis proposed 
in the 18th century. 
– Stars and planetary systems 

originate from collapsing 
interstellar nebulas. 

– Swedenborg (1734), Kant 
(1755), Laplace (1796). 

Nebular hypothesis. (a) a rotating nebula; 
(b) the collapsing nebula flattened along 
its rotation axis; (c) formation of a 
lenticular shape; (d) a series of rings left 
behind by the contracting core; (e) one 
residual condensation in each ring forms a 
planet.  



• A problem in the nebular 
hypothesis: the Sun is rotating 
too slowly and the planets too 
fast! 
– Over 99% of the mass of the Solar 

System is in the Sun but only less 
than 1% of the total angular 
momentum. 
 

• This problem led to alternative 
formation theories. 

Conservation of angular 
momentum: when the mass is 
distributed far from the rotational 
axis, the speed of rotation is slow. 
When the mass is collected near 
the rotational axis, the speed 
increases to conserve angular 
momentum. This is why the Sun is 
supposed to be rotating faster 
after the collapse in a rotating, 
interstellar cloud. 



• Some alternative formation theories: 
– Two-body theories; e.g., a nearby passing or a collision of the Sun and 

another star  matter for the planets drawn from the Sun by tidal 
forces. 

• Highly improbable incident – planetary systems would be extremely rare! 
Also, the orbits of the Jovian planets cannot be explained. 

 

– The Sun has moved through a dense interstellar cloud and collected 
matter that formed the planets. 

• Explains the distribution of angular momentum but not the nearly same 
ages of the planets and the Sun. 

 

– Protoplanet theory: the Sun and planets individually coalesced from 
matter within the same cloud. The smaller planets were later captured 
by the Sun's larger gravity.  

• All planets orbit the Sun in the same direction in almost the same plane, 
which would appear highly unlikely if they were each individually 
captured. 



Nebular hypothesis after all? 

• Modern Laplace model (1978):  
– Angular momentum transferred to the disc through frictional forces between 

the dust particles. 
– Protostar also looses angular momentum through jets (observed in T Tauri - 

stars). 
– The effect of a strong stellar magnetic field. 
 

• Solar Nebular Disk Model (from 1980’s): 
– Accretion discs found surrounding very young stars. 
– Infrared observations (Iras 1983 ) from several stars can be explained with a 

disc of colder matter. 



Protoplanetary discs in theory and in reality 



How to study formation? 

• Accretion disc observations. 
 

• Observations on extrasolar planetary systems of different 
ages. 
 

• Many-body dynamics simulations (e.g., sensitivity tests, 
formation of different kinds of planetary systems). 
 

• In the Solar System: the current state of the  system, the 
signs from the past (e.g., C-type asteroids, impact craters, 
surfaces of planets with no erosion…). 
– Fine-tuning of the model to explain the features of the Solar 

System – what about the formation of other planetary systems?  

 
 



Formation: the current view 

• The birth and early stages of the Solar System began approximately 
4.6 billion years ago when a fragment of an interstellar cloud 
collapsed due to gravity.  
 

• Most of the mass gathered at the center, forming a protostar 
further developing into Sun. 
 

• The rest of the gas and dust flattened gradually and formed a disc 
around the protostar – the solar nebula. 



From grains to planets 
• The planets are thought to have formed from the solar nebula by 

accretion. 
– The planets began as dust grains in orbit around the central protostar.  
– Through direct contact, these grains formed into larger clumps. 
– Bodies larger than about 200 m in diameter further increased their size in 

collisions, slowly becoming planetesimals of about 10 km in diameter. 
– Planetesimals gradually increased through further collisions  and gravity (few 

cm/year over few million years). 
 

• The inner Solar System (< 4 AU)  was too 
warm for volatile molecules (e.g., water, 
methane) to condense   the 
planetesimals in that region were 
composed of compounds with high melting 
points. 
– Composition of terrestrial planets: metals 

(e.g., iron, nickel) and rocky silicates  
differentiation when hot! 

– These compounds are quite rare in the 
universe  smaller size of the planets.  

 



From grains to planets 
• The Jovian planets formed further out in the disc, 

beyond the frost line between the orbits of Mars 
and Jupiter  cool enough for volatile icy 
compounds  to remain solid.  
– The ices were more abundant than the metals and 

silicates  larger sizes of the Jovian planets. 
– Due to their large gravity, the gas giants were able 

to capture hydrogen and helium from the solar 
nebula. 

 

• The growth of the planets ended when the 
remaining gas and dust in the disc were cleared 
away by the strong solar wind of the young Sun. 
The age of the disc at most 10 million years.  
 

• Uranus and Neptune were still forming after 
most of the disc had been blown away  smaller 
sizes due to smaller numbers of hydrogen and 
helium. 
 

• Collisions shape the early Solar System. 
– The origin of the Moon + axial tilts of planets. 



Nebular hypothesis is not enough! 
• According to nebular hypothesis, all the planets are formed in the plane of 

the Sun’s equator and to nearly circular orbits. 

 

• In the current Solar System, especially the orbits of the  Jovian planets 
deviate from these: 

 

 

 

 

 

• Nebular hypothesis is not enough to explain: 

– The amount of Jupiter trojans and their inclined orbits. 

– The formation of the Kuiper belt. 

– Late heavy bombardment (LHB) observed from, e.g., lunar impact craters.  

– The time required for the formation of Uranus and Neptune in the outer parts 
of the Solar System (100 million years!). 

Planet Eccentricity Inclination 

Jupiter 0.0488 1.305o 

Saturn 0.0557 2.485o 

Uranus 0.0444 0.7726o 

Neptune 0.0112 1.768o 



Planetary migration 

• After the gas and dust were cleared away, a huge number of 
planetesimals remained. The planets were moving among these, 
which caused the orbits of the planets to change slowly  
planetary migration. 
 

• According to numerical simulations, it is probable that the 
terrestrial planets and Jupiter migrated inwards, while Saturn, 
Uranus, and Neptune migrated outwards. 
– Icy bodies were scattered inwards due to the gravity effects from 

outward-migrating planets  comets. 
– Jupiter scattered icy bodies to highly elliptical orbits and far away from 

the Sun  the origin of Oort cloud?  

 
• Explains the formation of Uranus and Neptune: they had  formed 

nearer to the Sun and migrated afterwards. 



Nice model 

• A model proposed in 2005 to explain many unresolved 
issues in the early stages of the Solar System, concentrating 
on the early (dynamical) evolution of the Solar System after 
the actual formation. 
– Has become widely accepted among astronomers.  

 
• The starting point is planetary migration due to the 

planetesimal disc and the assumption that, while migrating, 
the planets have experienced mutual resonances at certain 
distances. The most significant changes would result from 
2:1 resonance of Jupiter and Saturn and, therefore, the 
model is concentrated on that. 
 

• Before migration, the planets were a much more compact 
system than previously thought. 



The effects of 2:1 resonance 

• The orbits of the Jovian planets changed dramatically 
in a short timescale and were chaotic and crossing. 
 

• Close encounters of the planets tilted their orbits and 
caused the currently observed inclinations. 
 

• Uranus and Neptune were pushed outwards, changed 
places (in the beginning of the simulation, Uranus was 
the outermost planet), and penetrated the 
planetesimal disc.  
– Planetesimals were scattered everywhere  orbits of the 

planets are stabilized and migration ends. 
 



The initial situation 

Jupiter and Saturn cross 
the 2:1 resonance; 
age about 700 million years  Age 1.2 billion years  



Is the model plausible? 
• The existence of Jupiter trojans: 

– During the 2:1 resonance, the dynamics in the 
trojan region became chaotic  the bodies that 
happened to be in the region, became trojans 
when the region was restabilized. 
 

• Late heavy bombardment: 
– Surfaces of the bodies in the inner Solar System 

heavily cratered about 700 million years after the 
planetary formation  implies that a large number 
of icy and rocky small bodies had strange orbits. 

– Origin of all water on Earth?  
 

• Kuiper belt: 
– Dynamically different objects  different origin? 

Nice model would explain how bodies from 
different regions ended up in the Kuiper belt.  

– The formation of Kuiper belt at its current distance 
from the Sun is thought to be improbable  
according to the Nice model, the bodies were 
formed much more closer to the Sun. 



About the timescale 

The birth of 
the Sun 

0 – 105 years     Pre-solar nebula is formed and starts to 
collapse. The formation of the Sun 
begins. 

105 – 5 x 107    The Sun becomes an early T Tauri star. 

105 – 107    
 

Formation of the Jovian planets. At the 
end, the protoplanetary accretion disc is 
blown away. 

107 – 108    
 

Formation of the terrestrial planets. The 
Moon is formed in a major impact.  



About the timescale 

The main 
sequence 

5 x 107 Sun enters the main sequence. 

2 x 108    The oldest rocks found on Earth are 
formed. 

5 x 108 – 7 x 108    
 

Jupiter and Saturn cross their mutual 2:1 
resonance. Orbit of Neptune is shifted to 
the Kuiper belt. Late heavy 
bombardment.  

 8 x 108  Oldest signs of life on Earth. 



Current challenges of the formation theory 

• Nebular hypothesis + migration + Nice model seem 
plausible for the Solar System. 
– Models fine-tuned to match the existing Solar System (the 

only known planetary system until 1992). 

 

• How well do the models explain the formation of 
extrasolar planetary systems that differ from ours?  
– Especially the existence of ”hot Jupiters”  migration. 

– The planets of binary stars.   



Extrasolar planets (= Exoplanets) 

• 1992: the first exoplanet was found orbiting a pulsar (an 
old stellar remnant). 

 

• 1995: the first exoplanet orbiting a normal main 
sequence star was found. 

 

• Massive planets close to the star (“Hot Jupiters”) are 
easier to detect! 
– The systems found are probably not typical exosystems.  

– Earth-mass planets are starting to become observable only now. 

– First direct imaging of an exoplanet orbiting a normal star in 
2008. 

 



Hot Jupiters 

• Semi-major axis less than 0.1 
AU (Mercury: 0.4 AU). 

 

• Jovian planets that have 
formed behind the frost line 
but have migrated close to 
their parent star. 

 

• As the planet migrates, it 
mixes up the protoplanetary 
disc which then settles and 
can form even more planets. 

Artist’s conception of a hot jupiter. The 
temperatures are typically of the order 1300 K 
(around 1000 degrees Celsius). 



861 exoplanets 
found (22.3.2013) 

• 100-400 billion planets expected to 
exist in the Milky Way galaxy. 
– Thousands of possible observations by 

Kepler (NASA). 

 
• Examples of observation techniques: 

– Radial velocity method: the star moves 
slightly due to the planet’s gravitation (large 
planets).  

– Transit: small changes in brightness when 
the planet is in front of the star (also false 
positives – need of confirmation).  

– Microlensing: the gravity of a star causes 
distortions in the light from a distant star – 
an orbiting planet causes anomalies to this. 

– Imaging: only for planets of Jupiter size and 
far from the star. Both IR and visible. 

 

• Habitable zone = zone where liquid 
water can exist on the surface of a 
planet (the distance depends on the 
star and the planet). 
 

• In January 2013, the discovery of KOI-
172.02, an Earth-like exoplanet, was 
announced. It is orbiting a star similar 
to our Sun and is located in the 
habitable zone.  

Visible-light Hubble image of a planet 
orbiting Fomalhaut. The star itself, 100 
million times brighter than the planet, has 
been obscured. 



Radial velocity method 

• The star moves back and forth as 
the planet orbits it, causing the 
spectral lines to move due to the 
Doppler effect (redshift, 
blueshift). 

 

• Mass and distance of the 
companion can be evaluated 
from the amplitude and period of 
oscillations (long period – planet 
is far from the star, large 
amplitude – planet is massive). 

 

• Most exoplanets (so far) have 
been detected using this method. 



Example of an extrasolar 
planetary system: Gliese 581 

Planet Mass 
Semimajor axis 

(AU) 
Period 
(days) 

Eccentricity* 

e ≥1.7 M⊕ 
0.0284533 ± 
0.0000023 

3.14867 ± 
0.00039 

0 

b ≥15.6 M⊕ 
0.0406163 ± 
0.0000013 

5.36841 ± 
0.00026 

0 

c ≥5.6 M⊕ 
0.072993 ± 
0.000022 

12.9191 ± 
0.0058 

0 

g (unconfirmed) ≥3.1 M⊕ 
0.14601 ± 
0.00014 

36.562 ± 0.052 0 

d (unconfirmed) ≥5.6 M⊕ 
0.21847 ± 
0.00028 

66.87 ± 0.13 0 

f (unconfirmed) ≥7.0 M⊕ 0.758 ± 0.015 433 ± 13 0 

Comet belt 25±12 AU  60 AU 

* The orbits are computed assuming zero eccentricity. 


