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The Formation of the Solar System

From Kant and Laplace to Nice and Grand Tack



Introduction


Theories concerning the origin and fate of our world go back to the writings of the earliest civilisations. However, for most of that time, there was no attempt to link such theories to the existence of the Solar System, because the concept of such an entity as understood in the modern sense did not exist. For a theory of Solar System formation and evolution, it was necessary to accept that the Sun was at its centre, with Earth and other planets in orbit around it. The concept of heliocentrism was suggested as early as 250 BCE by Aristarchus of Samos, but it was not widely accepted until the end of the 17th century.


The Oxford English Dictionary traces the first use of the term ‘solar system’ in English to 1704, in Lexicon Technicum, an early encyclopedia compiled by author and scientist John Harris (1677–1719). A slightly earlier Latin form, systema solare, appeared in the work of astronomer Thomas Wright (1711–1786) in the late 17th century.





The nebular hypothesis


Currently accepted models concerning the origin of the Solar System owe their origins to a hypothesis first proposed in the eighteenth century. In his 1755 work Allgemeine Naturgeschichte und Theorie des Himmels (‘Universal Natural History and Theory of the Heavens’), German philosopher Immanuel Kant (1724–1804) assumed that the universe was roughly uniformly filled with gas. Condensations form in regions with slightly higher density, and a contraction process occurs. It is assumed that these condensations were initially rotating, and through the conservation of angular momentum, they flatten gradually into a disk. Planets form from secondary condensations within the disk, and the Sun forms at the centre. A similar but more rigorous model was independently proposed by French mathematician Pierre-Simon Laplace (1749–1827) in his 1796 work Exposition du systeme du monde. The Laplacian model envisaged a hot, extended nebula. As it cooled, it contracted, flattened, and began to spin more rapidly due to the conservation of angular momentum. As it did so, it shed concentric rings of material that condensed into planets. The Sun formed from the central portion of the nebula1,2.


What is now commonly known as the Kant-Laplace nebular hypothesis was widely accepted at first, but problems began to arise during the nineteenth century. For example, American astronomer Daniel Kirkwood (1814–1895) claimed that the contracting nebula would not have produced the observed spacing of the planets and instead would have thrown off an almost continuous system of rings “presenting the appearance of a thin plate or disk”3. However, the main problem was that the conservation of angular momentum requires the Sun to spin far more rapidly than it does. The Sun accounts for more than 99 per cent of the Solar System’s mass but only 1 per cent of its angular momentum, most of which is accounted for by the orbits of the eight major planets2,4.





The search for alternatives


By the early twentieth century, astronomers were looking for alternatives to the Kant-Laplace nebular hypothesis. Geologist Thomas Chrowder Chamberlin (1843–1928) and astronomer Forest Ray Moulton (1872–1952) proposed that a star had passed near enough to the Sun to raise two tidal bulges on opposite sides, causing streams of matter to be expelled. On account of the perturbations caused by the intruder, this material would not fall back into the Sun but would form a spiral nebula from which the planets formed, as in the nebular hypothesis5–7. A similar theory was proposed by British astronomer Sir James Jeans (1877–1946) in 1916, which envisaged a cigar-shaped filament being drawn from the Sun, from which the planets condensed directly instead of accreting from planetesimals. The largest planets – Jupiter and Saturn – condensed from the thicker central section of the filament, and the smaller planets from the tapering ends. The initially highly eccentric orbits of the planets were regularised by the effects of repeated collisions with additional material that had been drawn from the Sun8–10. A modified version of the theory, proposed by British geophysicist Sir Harold Jeffreys (1891–1989), entailed a grazing collision instead of a close approach11.


Problems, however, remained. In 1939, American physicist Lyman Spitzer (1914–1997) noted that the filament would have a temperature of around 1 million K and that its thermal energy would cause it to rapidly dissipate into space rather than form into planets12. British mathematician and astronomer Raymond Lyttleton (1911–1995) later demonstrated that material removed from the Sun by the tidal and collisional mechanisms proposed would be imparted with insufficient angular momentum to achieve planetary orbits and would rapidly fall back to the surface13. Hence, the angular momentum problem had not gone away: it had simply resurfaced in another guise2.


Increasingly complex models were proposed, involving triple stars14,15, or capture of material from tidally disrupted protostars passing close to the Sun2,16, or companion stars to the Sun that collided with a passing star or simply went nova1. All suffered from the problem that they assumed that planets could only be formed in the special (and often improbable) sets of circumstances that they envisaged.





Encounters with an interstellar cloud


In 1944, Soviet mathematician and astronomer Otto Schmidtt (1891–1956) proposed an accretion model in which the Sun entered a dense interstellar cloud and emerged surrounded by a dusty envelope from which the planets formed. As originally proposed, the model required a second, nearby star to absorb energy2. This solved the long-running angular momentum problem by uncoupling the slow-spinning Sun from the planet-forming material, and in 1961, Lyttleton showed that the energy could be dissipated through the Sun-cloud interaction alone, without the need for a second star17.


Unfortunately, this model left unexplained how planets could form from initially diffuse material2. Soviet astronomer Viktor Safronov (1917–1999) showed that rocky planets would form within 10 million years, but the cores of the gaseous planets would take much longer – up to 10–100 billion years for Neptune, or far longer than the Solar System has existed18.


In 1944, German physicist Carl Friedrich von Weizsäcker (1912–2007) proposed a modification of the Laplacian model. He argued that the Laplacian disk would follow Kepler’s third law – for a particle at a given distance r from the Sun, the square of orbital period will be proportional to r cubed. The disk is unstable because viscous forces would make it behave like a rigid body, with the result that the outer part of the disk accelerates and moves outward while the inner part decelerates and falls inwards. Material with zero angular momentum falls into the Sun, reducing its rate of rotation. In the meantime, vortices arise in the disk, forming as ‘roller bearings’ between rings of different angular velocities within the disk. Condensations can readily occur within the ‘roller bearings’, and the time required to form planetary-sized condensations is comparable to the life of the disk. Von Weizsäcker expected that the ratio of the radii of two consecutive circles would be constant, thus giving vortices at distances roughly obeying the empirical Titus-Bode Law of planetary distances from the Sun1.


Anglo-Dutch physicist Dirk ter Haar (1919–2002) modified von Weizsäcker’s model. He replaced von Weizsäcker’s regular vortices with random turbulence, which produces a very thick nebula. Hence, the gravitational instability of von Weizsäcker’s model would not occur, and the planets were formed by accretion. The inner part of the nebula would be far hotter than the outer part; hence, only rocky planets comprised of non-volatile materials formed in the inner Solar System, while gaseous planets formed further out. The problem is that von Weizsäcker’s calculations showed that the disk would dissipate within 1,000 years, requiring the planets to form within that timescale19.


Dutch-American astronomer Gerard Kuiper (1905–1973) also rejected von Weizsäcker’s regular vortices. Instead, he suggested that large gravitational instabilities might occur, from which condensations could arise. Depending on the mass distribution within the cloud, either a planetary system or a stellar companion to the Sun would be formed. The differentiation of the planets into rocky and gaseous, he attributed to the Roche limit, the distance at which the tidal forces of a larger celestial object will overcome the internal gravity of a smaller object. Dense rocky planets could form inside the orbit of Jupiter, but less dense gaseous ones could not. Kuiper left the problem of the Sun’s slow rotation unexplained, suggesting that it was simply a characteristic of G-type stars20,21.





Laplace revisited


The 1960s and 1970s also saw attempts to revive the Kant-Laplace nebular hypothesis and address the angular momentum problem that had forced its abandonment. In 1978, Australian mathematician Andrew Prentice (born 1943) proposed a revised version based on supersonic turbulent convection22. To address the angular momentum problem, he drew on an earlier model of protostar formation23,24 that considered the segregation of solid grains in the cloud, including frozen hydrogen, at very low temperatures. The grains migrated under gravity towards the cloud’s centre of mass, but unfrozen and partially ionised gases (mainly helium) did not, due to a combination of gas pressure and the galactic magnetic field. The grains experienced a gas drag and transferred their angular momentum to the gas. The gas, via its ionised component and the galactic magnetic field, transferred the angular momentum to the galaxy as a whole.


The released gravitational energy vaporised the grains, but the resulting stellar mass condensation was left with one-hundredth of the angular momentum that would occur with the original model. Eventually, a state was reached with a dense luminous central core with a diameter of around three times the present-day diameter of the Sun and a tenuous protostellar envelope. Prentice associated supersonic turbulent stress with a very active state of the early Sun known as the T-Tauri phase (the star T-Tauri is considered to be the prototype of young, very active stars). Needle-like supersonic convective jets were ejected through the photosphere at speeds of 100–200 kms-1 (62–124 miles/sec) and the material returned at a more leisurely 10 kms-1 (6.2 miles/sec)22.


At the outer limit of the convective region, a dense shell of quiescent material formed. As the protostar continued to collapse and the angular speed increased, the shell material migrated towards the equatorial zone until most of it resided in a ring. Eventually, this became rotationally unstable, the torus separated, and a new ring began to form. Within each ring, condensates settled towards the axis, then material clumped together to form planetesimals and, finally, planets. The temperatures of the rings were dependent on their radii; hence, rocky planets formed from the hot inner rings and gaseous planets from the cold outer rings22. The main problem with the Prentice model is that the planets might not have had sufficient time to form before the rings dispersed2.





The solar nebula disk model


Eventually, attempts to revive the Kant-Laplace nebular hypothesis were successful. Viktor Safronov’s 1969 work “Evolution of the Protoplanetary Cloud and Formation of the Earth and Planets” was translated into English in 197218 and proved very influential. The work posed for the first time the major physical problems concerning the formation of the Solar System, including the role of magnetic fields and turbulence in the early solar nebula, aerodynamic processes that provided the concentration of dust required for planetesimals to grow, and the formation of the various types of planet25.


The solar nebula disk model (SNDM), as it is now known, is the general name for a class of theories that make the following assumptions:






	•
	The Solar System formed from a cloud of molecular gas and dust that underwent a gravitational collapse26, possibly triggered by the shockwave from a supernova27,28.




	•
	Conservation of angular momentum caused the cloud to begin rotating29, and increasing pressure caused it to heat up28.




	•
	Most of the material gravitated to the centre, where it formed the Sun, but a smaller quantity flattened out into a protoplanetary circumsolar disk29.




	•
	The planets formed by accretion from this disk, as dust and gas gravitated together and coalesced to form planetesimals, which in turn merged to form ever larger bodies30.




	•
	Due to their higher boiling points, only metals and silicates could exist in solid form closer to the Sun and the rocky planets were formed from these materials, which comprised only a small
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