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Exploring the Sky

Lecture 9:
The Solar System: from Kepler and Newton to Einstein

Tycho’s Star and Tycho’s Universe

Several decades before Galileo’s telescopic observations provided conclusive evidence for a heliocentric Solar System, the Danish astronomer Tycho Brahe (1546 – 1601) had already challenged the Aristotelian view of the ‘perfect’ heavens. Brahe was an excellent naked-eye observer and in 1572 he discovered a brilliant ‘new star’ (a supernova – see EXCOS1Y). In Aristotle’s picture, this ‘star’ had to be closer than the Moon since the starry sphere was perfect and unchanging. Brahe knew, however, that an object this close to the Earth should display a daily parallax shift with respect to the sphere of fixed stars.  He could measure no such parallax, and concluded that his new star lay well beyond the Moon – contradicting the Aristotelian view.  At the same time his excellent observations of the planets showed up the deficiencies of Ptolemy’s model and led Brahe to develop an (ambitious but incorrect) ‘hybrid’ model, with the Earth immobile at the centre, the Sun and Moon orbiting the Earth and the other planets orbiting the Sun.

Kepler’s Laws of Planetary Motion

The German astronomer Johannes Kepler (1571 – 1630) replaced Tycho Brahe in 1601 as the imperial mathematician to Emperor Rudolph II in Prague.  Some years earlier, while a student in Graz, he became a strong advocate of the Copernican model and in 1596 he published a book, Mysterium Cosmographicum, in which he tried to explain the relative distances of the planets from the Sun. Kepler’s ‘big idea’ was that the spheres of the six planets were separated from each other by the five regular geometrical solids, discovered by Greek mathematicians.  Thus, Kepler’s model recaptured the spirit of Pythagoras’ ‘harmony of the spheres’.  Unfortunately, however, when Kepler compared the predictions of his model with Tycho’s huge catalogue of planetary observations, he simply could not make the model work.  Moreover, in the end he also concluded that the 2000-year-old belief that planets move at a uniform rate on circular orbit was wrong.  The key to Kepler’s breakthrough lay in Tycho’s detailed and very accurate observations of Mars, which led him in 1606 to discover that Mars’ orbit was not circular but elliptical. An ellipse is the closed curve drawn around two points (foci – singular focus) such that the distance from one focus to any point of the ellipse and back again is constant.  One can think of an ellipse as a ‘flattened’ circle; in fact a circle is the special case of an ellipse in which the two foci are coincident.  Having realised that planetary orbits were elliptical, Kepler went on to make more important discoveries about how the planets moved. In 1609 and 1619 he published his three laws of planetary motion:

1. Planets orbit the Sun in an ellipse, with the Sun at one focus

2. During a planet’s orbit around the Sun, equal areas are swept out in equal times

3. The square of a planet’s orbital period is proportional to the cube of its mean distance from the Sun

The second law implies that planets move more slowly when they are further from the Sun.

[image: image1.png]



Figure 1: Schematic illustration of Kepler’s Second Law. 

The shaded triangles are of equal area, the dots  represent equal time  intervals.

Hence the planet moves more rapidly when close to the Sun, which lies at the right hand focus.

Newton’s Laws of Motion and Gravitation

Although Kepler’s Laws proved to be an excellent description of the orbits of the planets, Kepler had no explanation of why the laws should be true.  That explanation came in 1687, with the publication of a book that probably represents one of the greatest scientific achievements of all time: the Principia of Isaac Newton (1643 - 1727).

Newton recognised that his discoveries owed a debt to the work his predecessors – particularly Galileo, who in the late 1500s began designing a long series of experiments on how bodies moved.  The Aristotelian view (which had prevailed for 2000 years in considering terrestrial – as well as celestial – motion) was that objects move when we apply a force to them, but motions stop as soon as the force is removed. Aristotle also asserted that bodies dropped from a height fall at a constant rate, but heavier bodies fall faster than lighter bodies.  Galileo’s experiments contradicted the Aristotelian view on all counts.  In particular, falling bodies accelerate and their acceleration doesn’t depend on their weight – i.e. in the absence of air resistance, a feather and a hammer would fall at exactly the same rate, as demonstrated on the Moon by Apollo astronaut David Scott.

In the Principia Newton formulated three laws of motion, building on the experimental work of Galileo and inventing a whole new branch of mathematics along the way!  These laws were:

1. A body continues at rest, or in uniform motion in a straight line, unless acted upon by some net force.

2. The acceleration of a body is directly proportional to the net force acting on it, inversely proportional to its mass and in the same direction as the net force.

3. To every action there is an equal and opposite reaction

These three laws in turn led Newton to formulate a law of universal gravitation, which stated that the force of gravity between two bodies is proportional to the product of their masses and inversely proportional to the square of the distance between them – another example of an inverse-square law.  Newton was able to measure the acceleration of a body falling towards the Earth (e.g. an apple falling from a tree), and – knowing the distance of the Moon and its orbital period – could work out the acceleration required to keep the Moon in its curved orbital path around the Earth.  He found that, if his law of gravitation was correct, then it could explain the acceleration of both the falling of the apple and the orbit of the Moon!

Newton published all of these remarkable results in the Principia and, with that one book, changed irrevocably how we think about nature. Newton showed that the universe was governed by a few simple laws which can be used – via mathematics – to explain a wide range of astronomical phenomena. For example, Kepler’s laws could now easily be shown not to be an additional set of arbitrary assumptions but simply a consequence of Newton’s laws: i.e. the question of why planetary orbits were ellipses now had an answer.

For more than 200 years astronomers used Newton’s laws to describe the cosmos – indeed in almost all astronomical situations they remain a perfectly satisfactory mathematical description of how things move. On a deeper, philosophical, level however, Newton’s law of gravity posed a problem since it represented action at a distance: how does the Earth ‘know’ that it should orbit the Sun; how does the force of gravity propagate across space between the Earth and the Sun?  An answer to this question came in the early twentieth century, with the work of Einstein.

Gravity in Einstein’s Universe

Albert Einstein (1879 – 1955) probably vies with Isaac Newton for the title of greatest physicist of all time.  Like Newton, his contribution to physics is astonishing for both its depth and breadth: there are very few areas of modern physics to which Einstein did not make a significant contribution.  To understand Einstein’s contribution to our understanding of gravity, however, we need only consider his special and general theories of relativity.

One of Einstein’s great strengths as a scientist was his ability to ask very deep questions about physics. Not content simply to plough through pages of mathematics to obtain an answer to a problem, Einstein also wanted to understand the physical significance of that answer – what did it really mean?  In his special theory (SR, published in 1905) Einstein applied this deep thinking to the question of how we measure fundamental things like distance and time.  In Newton’s picture, which had reigned unchallenged for over 200 years, space and time were viewed as distinct, rigid frameworks; backdrops against which cosmic events unfolded.  This meant that different observers could always agree on when and where events happened, regardless of where they were or how they were moving.  SR overturned this viewpoint completely, showing that space and time are neither absolute nor distinct: the observed separations of two events in space and time depend on how fast the observer is moving – they have no absolute meaning.  Certain physical concepts are absolute in SR – such as the constancy of the speed of light as an absolute ‘speed limit’ for the Universe – but can only be meaningfully defined in the unified geometry of spacetime.

Einstein’s general theory of relativity (GR, published in 1916) extended SR to include observers who were accelerating, and at the same time extended Newton’s theory by providing a supremely elegant explanation for gravity: what it is and how it works.  This is because Einstein viewed gravity and acceleration as one and the same (think of how you are pressed into your seat when a plane accelerates down the runway) – an idea that he enshrined in the principle of equivalence.  In GR Einstein viewed gravity not as a force somehow propagating through space and time, but the result of mass (and energy) ‘warping’ the geometry of spacetime itself.  Thus the Earth orbits the Sun simply because it is following the natural, curved, contours of spacetime in the Sun’s vicinity.  This fundamental inter-twining of matter and spacetime can be summed up by the phrase:

Spacetime tells matter how to move, and matter tells spacetime how to curve

GR is a more complete theory of gravity than Newton’s theory, but the differences between its predictions and those of Newtonian gravity are tiny – which is why Newton’s theory went unchallenged for so long.  In fact one small discrepancy in Newton’s theory had been detected before 1916: the elliptical orbit of Mercury appeared to be slowly ‘precessing’ around the Sun, although by less than one arcminute per century.  This tiny but puzzling flaw in Newton’s gravity could be explained precisely by Einstein’s GR – the first of many triumphs of the new theory.  Also, GR predicted that, close to a very massive body like the Sun, even light would follow the curved contours of spacetime, just like matter; no such effect was predicted in Newton’s theory. This ‘light deflection’ was indeed observed in 1919, during a total Solar Eclipse – providing further proof of the primacy of GR over Newtonian gravity.  The deflection of light close to a massive body, together with the speed of light ‘speed limit’ for the Universe, is the physical basis for Einstein’s prediction of the existence of Black Holes – objects so massive and compact that they warp spacetime so much that even light cannot escape from them.

