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  Introduction









  I am a practising cosmologist. My job is to try to unravel the history and workings of the Universe, using a combination of mathematical tools, observations made with powerful
  telescopes, and above all, educated guesses. The Universe is the biggest thing you can imagine studying with these methods, and the sheer megalomania of such a task infects everyone who is
  involved. I have been fortunate enough to have developed my scientific career over a decade in which our understanding of the Universe has progressed in dramatic leaps. In the weekly seminars which
  are a common feature in research institutions, I am regularly told of stunning breakthroughs: the discovery of galaxies so distant that we are seeing them when the Universe was in its infancy;
  evidence that space and time are all wrapped up in such a way that light travels around as if it were in a hall of mirrors; a new form of matter that has been discovered using an instrument buried
  in a hole in a rocky mountain. The list of examples is endless. The excitement in cosmology is not hidden away in universities and research laboratories. It makes good copy. Every few weeks, the
  broadsheets, radio or television flag up some new development. With strident headlines, glossy pictures and quotes from the pundits, the general public gets a glimpse of the frenetic activity that
  is going on behind the scenes.


  Those of us who take part in this endeavour are driven by the idea that we have succeeded in cracking the cosmic code. Such hubris is understandable. We are able to predict, from first
  principles, some of the observable properties of something as large as the Universe. We can be smug and compare cosmology with the science that attempts to predict the behaviour
  of the weather. With the ability to gather data very quickly from balloons and satellites and with the steady increase in computing power, there has been tremendous progress in meteorology. But as
  we know, we can still get it dramatically wrong, even though an immense amount of resources are available. The best we can do is to predict what may happen on the earth over a few days. In
  contrast, our current model of the Universe is remarkably successful. It can describe the whole of the Universe over billions of years, within a much simpler and more elegant framework.


  Simplicity and elegance are concepts that pop up a lot in physics. They are used when the ideas in question are very easy to understand and economical to present. One of the goals of fundamental
  physics is to describe as much as possible with the smallest number of equations, each of which is easy to formulate. The expanding Universe, or the Big Bang cosmology, as it has come to be known,
  has been able to do this spectacularly well. It has also validated a highly speculative avenue of research which is generating a wealth of ideas and methods. Maybe more so than in any other field
  of physics, cosmologists construct fantasy worlds which they hope may have some bearing on what we observe. The hope is that, like Albert Einstein, by stretching our imaginations but at the same
  time remaining firmly entrenched in basic principles, it will be possible to explain many of the unanswered questions in cosmology.


  I have not really told you the whole story. The working model of the Universe has become much more complicated in the past few decades in order to accommodate all the new observations. In part,
  this is a good thing. Our ability to map the cosmos has improved so dramatically that we can now make far more precise measurements of the various properties of the Universe. To be able to progress
  in science, we need to have good experimental data against which we can test our theories. But some surprising results have been thrown up. For example, there is compelling
  evidence that there is more to the Universe than what we see: there is some form of dark substance that plays an important role in the evolution of almost everything we can observe in the sky. And
  furthermore, a major part of this dark material is so exotic that it has properties of a type that we have never seen in our experimental laboratories. In other words, we do not really have a clue
  what it is. If something so elusive and exotic plays such an important role, what grounds do we have to claim success in our understanding of the cosmos?


  The purpose of this book is to introduce you to the standard lore of cosmology. We will work through the basic tenets of the theory of the Universe and will delve into some of the remarkable
  discoveries and conceptual breakthroughs that have taken place over the last 100 years and more. When we come to compare the observational evidence with the theoretical predictions, it should
  become apparent why there is so much excitement in the field, and why cosmology has effectively taken centre stage in modern science, with an ability to attract attention from such a broad range of
  enthusiasts. But in building up the case for our current model of the Universe, we must also look at the new pieces of the puzzle that do not really fit. The unexplained phenomena must be
  incorporated by invoking new types of physical principle which were not among the original premises. And you will be left with a complete picture of which you can take two contrasting views. You
  may find our current model of the Universe so compelling that the modifications that have to be made can be seen as minor modifications, small tweaks to get it to work. Or you may feel that the
  modifications are sufficiently radical that they suggest that something is seriously wrong with the model: that we may be at the threshold of another scientific revolution.
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  A Mechanical Universe









  Cosmology is the science of the origin and evolution of our Universe. It is not surprising that our view of what constitutes the Universe has changed over time as
  a result of the interplay between theoretical prejudices and observational breakthroughs. The history of Western cosmology gives us a fascinating perspective on this interplay: a history that
  starts with the Greeks and their Earth-centred universe, progresses through the conceptual leaps of Copernicus and Galileo with their Sun-centred cosmos, and reaches a climax with Isaac
  Newtons groundbreaking proposals unifying the laws of physics. In this chapter we will look into some of the key events in this history. Although we will not delve into the remarkable
  advances of the Babylonians or ancient Asian thinkers, the narrower remit of Western cosmology gives us a useful narrative within which we can introduce some of the core ideas that will be
  important throughout this book.


  Greek cosmology and the Earth-centred universe


  Our story begins with the ancient Greeks. What were the main observations at that time? The cosmos was limited to the Sun, a few planets, and a sprinkling of stars in the sky.
  The visible universe was simply a fraction of the Solar System, with a backdrop of stars. The stars appeared completely static in relation to one other, as if embedded in a cosmic sphere. The
  stellar firmament seemed to move around the Earth, each star sweeping an orbit through the sky. The intensity of each star was apparently constant  they did not seem to
  shine more or less over time. Yet, at the same time, they seemed to be fairly close by, and to have a finite size and not to be mere pinpricks in the sky. What was perceived as the immutability of
  the stars stood in contrast to the clearly transient nature of the planets. The planets looked much larger than stars, and their sizes varied over time: sometimes they looked larger and brighter,
  at other times smaller and dimmer. Unlike the stars  and excluding the Moon as a special case  the planets did not have simple orbits. Sometimes they would move more quickly, at other
  times more slowly. At times they would even backtrack along their orbits, following what were known as retrograde motions.


  The rationale behind the first serious explanations of the Universe came out of the remarkable school of thought espoused by the Pythagoreans. Pythagoras of Samos lived in the 6th century BC,
  and over a period of 80 years developed an almost divine status among his countrymen. He believed in the immutable, transcendental power of numbers to describe nature. Pythagoras discoveries
  and musings on music are well known, in particular his reduction of pitch and harmony to a simple set of numerical ratios between the lengths of vibrating strings. Music could be explained in terms
  of numbers, he thought, as could everything else. Furthermore, the patterns the numbers formed were so fundamental that they must be present in nature, ruling it through universal laws of
  harmony.


  Pythagoras applied his views to the cosmos through geometry. He proposed that the Universe was based on the most perfect geometric object, the sphere. To Pythagoras, the Earth was at the centre
  of the Universe  it was the central sphere of existence. The planets, the Sun and the Moon moved around the Earth, embedded in concentric wheels or spheres centred on the Earth. These bodies
  would revolve at different speeds, generating a perfectly harmonious cosmos in constant motion. In fact, harmony played an important role in determining the positions and
  motions of the Universe. The orbit of each planet had its own pitch, and together the planets would build up the Pythagorean scale, still present in music today.


  Pythagoras model of the Universe has a main characteristic that is still present in cosmology today: it takes a principle and establishes it as the foundation for a whole theory. A
  particular criterion is used to choose this principle, and once established, it is used to define an acceptable description of the natural world. Pythagoras chose the sphere as the basic building
  block because of its geometric perfection. In his view geometric and mathematical simplicity should inform every aspect of the discovery process. Pythagoras also based his universe on another
  prejudice: that the Earth was at the centre of everything, static and unchanging. This was not an outlandish assumption. At that time, before the advent of telescopes, there was not enough data to
  firmly establish whether the Earth was stationary or not.


  The geocentric model of the Universe, with the Earth at its centre, was further developed by Plato in the 5th and 4th centuries BC. Plato took the Pythagorean principles even further and
  proposed that the Universe consisted of concentric spheres which rotated at a uniform speed within each other. Unlike Pythagoras, Plato did not try to construct a quantitative model of the
  Universe. He was a firm believer in the power of mathematics and strongly encouraged his disciples to study geometry, but he had little time for the natural sciences. Platos view that
  observations of the natural world were imperfect strengthened his belief that the only way to build a model of the Universe was through pure reason. According to Plato, any mismatch between theory
  and observation could be attributed to our inability to make accurate measurements. All we could see were rough images in a cave, shadows of the real world which we could truly fathom by reason and
  thought alone.


  Aristotle developed the geocentric model further. Unlike Plato, he was interested in observations and did try to construct a cosmology which would to some extent agree with
  the observed motions of the stars and planets. Furthermore, he was anxious to construct a physically working model. Aristotles universe consisted of nine transparent concentric spheres
  spinning around the Earth. The outermost sphere was the heavens, which were unchanging, while the intermediate spheres contained the various planets. His model was very similar to
  Pythagoras, except that Aristotle wanted to explain how the spheres moved while connected to each other. He proposed a set of transparent, nested spheres that would support the visible
  spheres. This meant that his universe was considerably more intricate. It consisted in all of 54 nested spheres. In this way Aristotle successfully constructed a mechanical universe based on
  well-specified principles. It was able to reproduce some of the motions of the planets, though not all. In these cases, to shrug off the mismatch with observations, the Platonic viewpoint could be
  invoked.


  The Greeks had very limited ability to chart the stars and planets. Their observations were essentially done with the naked eye and therefore could only give a crude idea of the motions of the
  heavenly bodies. But there was already enough information to contradict the geocentric model of Pythagoras, Plato and Aristotle. If one assumed that the spheres proceeded on their harmonious
  rotations around the Earth, it was impossible to reproduce the observed dimming of the planets, or more seriously, the retrograde motions that they sometimes undertook. There was a fundamental
  incompatibility between the geocentric model and the real Universe. For progress to be made, something had to change. There were two approaches.


  The first, more radical proposal was made by Aristarchus, also of Samos, who lived in the 3rd century BC. He proposed what, with more than two millennia of hindsight, was the right solution to
  the problems facing Greek cosmology. Aristarchus made the radical suggestion that the Sun, and not the Earth, was at the centre of the Universe. The Earth would itself be
  positioned on a sphere centred on the Sun. This sphere would move with uniform motion, just like all the other planets. When it approached another planet, the latter would appear bigger and
  brighter. At other times the Earth would move away, and the other planet would shrink. Furthermore, depending on their positions relative to the Earth, the other planets might look as if they were
  backtracking. Aristarchus solution was incredibly simple, but it involved challenging one of the fundamental assumptions of Greek cosmology. The Earth lost its special place in the
  cosmos.


  There were two main objections to Aristarchus proposal, which ultimately led to it being completely discarded. The first was based on a rather literal view of his proposal. If the Earth
  were moving around the Sun, the objection ran, it would have to follow a very long path over the period of a year. So it would have to be moving very, very fast. And if it were coasting along at
  such a tremendous speed, then we would expect to be subjected to a tremendous gale as we flew through the cosmos. It was deemed ridiculous that Aristarchus should place the Earth in such a weird
  state of motion when it was felt to be solidly in place beneath our feet. The second objection was that, if the Earth were indeed moving around the Sun, then  just as we see the planets
  become brighter and dimmer with time  shouldnt we also see the stars vary in brightness? And furthermore, if we are moving relative to the Sun and the stars are also on a sphere
  rotating around the Sun, then shouldnt we see the relative positions of the stars change with time? As we have seen, the Greeks perceived the stars as being relatively unchanging in their
  nature. So it seemed inevitable that the Earth must be static.


  To see why the Greeks might have reasoned in this way, let us think of a simple exercise. Look at a table with various objects on it. If you are very close to it and close
  your right eye, you will have a two-dimensional tableau of where all the objects are placed relative to each other. If you then open your right eye and close your left eye, you will see that the
  objects have moved a bit. Things that were aligned have become misaligned. And the closer an object is to your eyes, the more it moves. Now move away a few metres and try the same exercise. You
  will find that the relative positions of the objects are practically the same, whether you are looking at them with your left or right eye. The shift in the objects relative positions
  becomes much smaller the further away your point of observation. This effect is known as stereoscopic vision and is ultimately responsible for our ability to perceive depth when we look around
  us.


  We can get a better understanding of what is at play in this effect by considering an even simpler exercise. Hold a pencil out in front of you. Now close one eye. Then open it and close the
  other eye. The pencil will jump from one position to the other, relative to the landscape or background. The closer the pencil is to your eyes, the further it will jump, so we should be able to
  infer the distance to the pencil by measuring how far it moves. In using this method, we are really measuring the shift in angular position of the pencil. The reason that we say it is an
  angle is because, if we dont have any way of knowing the distance to an object, we can imagine it lying on a spherical surface. It is analogous to the use of latitude and longitude, when we
  pinpoint the position of a place on the surface of the Earth by using angles. What we are saying, then, is that the further away the pencil is, the smaller the shift that we will perceive in the
  sky  that is, the smaller the change in angle.


  The principle of using something akin to stereoscopic vision to determine astronomical distances is known as parallax. As with stereoscopic vision, parallax is limited by our ability to
  measure angular positions in the sky. If the angles are too small, we will be unable to distinguish, or resolve, them with enough accuracy. In the case of our view of the table
  or the pencil, we are obviously keeping the distance between our two observational points the same. The distance between our eyes clearly does not change. We can circumvent this limitation by
  actually moving around. Suppose we keep our distance from the table the same and move a couple of steps sidewise. We then get a very different perspective of the table. Once again, the relative
  positions of the various objects change, and they will change much more than if we simply stay still and close or open each eye. The further we move, the larger the angular shift in the position of
  the objects on the table, and the better we will be able to discern their distances.


  Now let us return to the objections to Aristarchus model. The Greeks believed that the stars were firmly in place in the firmament. Whatever the vantage point on Earth, the relative
  positions of the stars did not change. This meant that the heavenly sphere where the stars were placed must be sufficiently far away that any such shift was undetectable. But the Greeks were of
  course restricted to observation from the surface of the Earth  which according to the geocentrists was stationary  so it did not follow that the heavenly firmament had to be very far
  away. Contrast this with Aristarchus proposal, where the Earth is travelling through the cosmos on a large circular orbit. At different times of year, the Earth would be at very different
  observation points. The relative positions of the stars would change over time unless the sphere in which they were embedded was incredibly far away. In Aristarchus universe, the stars would
  have to lie at tremendous distances from the Sun  much further away than the planets or the Earth. The simplicity of the Pythagorean universe would start to unravel. Needless to say,
  Aristarchus model won only a couple of supporters and was completely ignored in favour of the geocentric universe.


  The second, more conservative approach was to improve the geocentric model so that it could explain the inconsistencies in the data. Indeed, the Earth-centred universe was
  set in stone for more than a millennium by the Greek astronomer Ptolemy in the 2nd century AD. He constructed a remarkably complex model which was able to make the Aristotelian proposal accord with
  the observed motions of the planets. For his model to work, Ptolemy had to relax Platos principles to some extent. To begin with, he shifted the position of the Earth so that it was not
  exactly at the centre of the cosmic spheres. The planets moved in slightly eccentric orbits, periodically appearing closer to or further away from the Earth. Furthermore, in his system the spheres
  did not move with uniform speed in their orbits. Ptolemy identified another point, the equant, which was a reflection of the Earths position relative to the geometrical centre
  of the spheres. The spheres rotated at varying speeds in such a way that the planets moved at a constant speed relative to the equant. With these contrivances, they would seem to move faster or
  slower at different times if viewed from Earth. However, this was not enough. So that the planets could backtrack when viewed from Earth, Ptolemy had to add another complication. Each planet moved
  on a smaller orbit, called an epicycle, whose centre moved around the Earth on the corresponding sphere. Ptolemys model was able to accord with the motion of the planets with
  remarkable accuracy by slightly perverting the original premises of the Aristotelian universe. Like Aristarchus model, it had to jettison one of the premises  uniform motion 
  but in other respects it was much more successful. His magnum opus, Almagest, consists of tables and charts with which it was possible to predict the positions of the planets at any given
  time with remarkable accuracy.


  The advent of the Sun-centred universe


  With the rise of the Christian tradition and its general distrust of the study of natural phenomena, little progress was made in charting the heavens. The Ptolemaic universe
  obeyed most of the rules which had been laid down by Plato, and it did its job. That was all that was asked of it, and it was not for another 1300 years that a Polish cleric, Nicolaus Copernicus,
  revisited Aristarchus idea of a heliocentric, or Sun-centred, universe. Copernicus lived in the late 15th and early 16th century and was brought up under the Christian doctrine of the
  Ptolemaic model. He felt, however, that Platos principles had been seriously compromised by Ptolemy and wished to resurrect the uniform motion of the spheres. In a short note of intent,
  known as the Commentary, Copernicus set out his model of the Universe.


  Copernicus starting-point was, yet again, the primacy of the sphere above all other geometrical shapes. His next step was to argue that there was no reason to believe that the whole
  Universe was moving around the Earth. He proposed that it was more natural if the daily motions that we see are due to the rotation of the Earth while the stellar firmament remains fixed.
  Furthermore, the variations in the sizes of the planets could be explained if the Earth was moving in a circular orbit. With this simple assumption, some of the most complicated aspects of the
  Ptolemaic universe could be resolved. As with Aristarchus model, the retrogression of the planets could be easily explained. The fact that Mercury and Venus only appear near dusk or dawn was
  a logical consequence of their having tighter orbits around the Sun.


  Copernicus model of the Universe took him three decades to construct. It could explain some observations more easily than the geocentric model of Ptolemy, and it was able to go back to
  the uniform circular motions advocated by Plato. The new heliocentric model was, however, still contrived. For Copernicus to get his cosmology to agree with the observed orbits of the planets
  with enough accuracy, he still had to include epicycles and eccentric orbits. What made Copernicus universe a contender in the realm of cosmological models was that he
  was able to do as thorough a job as Ptolemy in making accurate predictions. His masterwork, De revolutionibus orbium coelestium, is a tightly woven tract of mathematical clarity and
  remarkable predictive power. But even more importantly, he was able to construct his model using the same line of reasoning which was so much favoured by the neo-Platonists. His arguments were
  elegant and rested on the theoretical building blocks that Plato had proposed, while at the same time dislodging the Earth from its central role in the cosmos.


  Over the next century, the Copernican model was adopted by a few scholars and taught at a number of universities. It was, however, always taught alongside the Ptolemaic model. They were not seen
  as exact representations of reality but as methods for making predictions. In fact, the De revolutionibus has a short preface claiming that the new vision of the cosmos which is being
  proposed is not reality but simply a hypothetical alternative to the standard geocentric cosmology of the time. This disclaimer was introduced by the last editor of Copernicus manuscript,
  Andreas Osiander, a Lutheran clergyman, with the idea that it would make such a radical proposal palatable to the religious establishment. It is possible that the disclaimer did have such an
  effect, given that the Church did not condemn his proposal and took it in a spirit of plurality. This allowed the following generations to learn Copernicus ideas without having to openly
  state their support or rejection of them.


  A major step towards demolishing the Ptolemaic model came from the observations of a staunch geocentrist, the astronomer Tycho Brahe. Brahe was a Danish nobleman who, under the patronage of
  Frederick II, set up a powerful observatory on the island of Hven. For two decades, he performed the most accurate observations that could be made without the use of telescopes. Towards the end of his life, as the result of a change in regime in the Danish court, he decamped to Prague, where he continued to record the motions of the planets with remarkable
  precision. Brahe proposed his own cosmology, a compromise between the Ptolemaic and Copernican views. To Brahe, the Earth remained at the centre of the Universe, but not all the spheres were
  centred on it. All the planets, except for the Earth and the Moon, were centred on the Sun, while the Sun and Moon rotated around the Earth. In this way, the close proximity of Mercury and Venus to
  the Sun could be easily explained without the Earth losing its key role. Brahes exquisite measurements backed up some of his proposals.


  Johannes Kepler, a mathematician and astronomer from a small town in what is now southern Germany, joined Brahe in Prague to help him analyse his observations. Kepler was a follower of
  Copernicus but approached Brahes observational results with the hope of discovering the true behaviour of the individual planets. Kepler found that yet another of Platos principles
  could not be retained. Brahes observations of the motion of Mars were accurate enough for Kepler to find that it was not perfectly uniform. Indeed, Mars orbit is very slightly
  elliptical. An ellipse is like a squashed circle  essentially, a circle with two centres, known as foci. The line that bisects the ellipse and passes through the two
  foci is longer than the line that bisects the ellipse in the perpendicular direction. Another way of constructing an ellipse is to take a cone and intersect it with a plane. The resulting section
  will be elliptical. The more inclined the plane, the larger the difference between the long axis and the short axis; and the larger the difference between these two axes, the further apart the foci
  are. The distance between the foci, divided by two, is called the eccentricity. If the eccentricity is zero, then we simply have a circle. And a circle is simply the section that results from
  intersecting the cone with a plane parallel to its base.
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  The circle, ellipse and parabola as sections of a cone.


  With Brahes data, Kepler was able to characterize the elliptical orbits of the planets in detail. He came up with three laws which are still used today. The first law states that the
  planets move in elliptical orbits with the Sun at one focus. This law yet again establishes the important role the Sun plays in the cosmos. The second law says that the imaginary line connecting
  the Sun to a given planet sweeps out equal areas in equal time. This statement tells us something about the speed of the planet as it moves closer or further away from the Sun. The closer it is,
  the shorter the imaginary line that connects the two bodies; and therefore the quicker the planet has to move for that shortened line to sweep out the same area as it would do if the planet were
  further away. In other words, the closer the planet is to the Sun, the faster it moves.


  Keplers third law sets out the way the planets are distributed in the cosmos. It states that the ratio of the squares of the period of time required for any two planets to complete an
  orbit of the Sun is proportional to the ratio of the cubes of their average distances from the Sun. The closer the planet is, the quicker it will complete its orbit. The exact
  relationship between periods and distances can be used to set up a scale model of the Universe. In other words, we can find out precisely what the sizes of the orbits of the planets are, relative
  to the Earths orbit, for example. If we determine the distance of the Earth to the Sun, we can then determine the radii of the orbits of all the other planets.


  While Kepler was formulating his laws of planetary motion, the Italian astronomer Galileo Galilei was observing the planets with a new level of accuracy. At the beginning of the 17th century,
  the telescope was beginning to become a well-known optical instrument in Europe. Galileo started using a telescope to make observations around 1609, and over a period of three years he discovered a
  host of new astronomical phenomena which would have a strong bearing on how he viewed the Universe. One of the first discoveries that Galileo made was that the Moon had hills and valleys, very much
  like the Earth. As the Sun lit up the Moon from different directions, the shadows revealed a rich and textured landscape, contrary to the ancient belief that this heavenly body was a perfectly
  smooth sphere. It was another step towards the democratization of the cosmos which had started in the previous century. When Galileo turned his telescope to the planet Jupiter, he found a group of
  lights moving around it. They were four new satellites orbiting Jupiter, just as the Moon is orbiting the Earth.


  Galileos most important contribution in support of the Copernican model of the Universe was his discovery that Venus has phases like the Moon. To understand this, let us consider the
  Moon. The Moon, as any of the other planets, shines because it reflects light from the Sun. At different times during the month, an observer from the Earth will see the illuminated side of the Moon
  from different points of view. If the Moon moves exactly in front of the Sun, then the illuminated side of the Moon points away from the observer. This is what is known as the new
  Moon. If the Earth lies between the Sun and the Moon, the latter is completely illuminated by the Sun. This phase is known as the full Moon. During the
  intermediate phases, slices of varying sizes are darkened.


  Galileo found that, by looking at the phases of Venus, he could determine its position relative to the Sun and the Earth. Different portions were darkened, and this could be explained in terms
  of how it reflected light from the Sun. The heliocentric and geocentric models predicted very different patterns. For example, first consider the geocentric model where Venus lies on an inner orbit
  and the Sun lies on an outer orbit. Venus is never very far away from the Sun; their orbits, albeit distinct, are very tightly linked. On this model we will never see Venus completely illuminated:
  we will never find ourselves in a configuration in which Venus reflects the Suns light completely, face-on towards us. In a geocentric universe, Venus should never have a phase which is the
  equivalent of a full Moon. Galileos observations showed, however, that Venus would periodically shine as an almost fully illuminated disk. This is only possible if at some point the Sun lies
  closer to the Earth than to Venus. In other words, the Sun shines on Venus, which then reflects the light towards us.
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  The phases of Venus.


  Strictly speaking, Galileos observation does not rule out a geocentric universe. It merely rules out the possibility that Venus is orbiting the Earth. For example, the full phase of Venus
  could be explained in Brahes model of the cosmos, in which Venus, Mercury and the other planets were demoted to orbits around the Sun, while the Sun and the Moon orbited around the Earth. In
  this way it was still possible to retain one of the dogmas of the Ptolemaic model.


  Galileo proceeded to staunchly defend the heliocentric model throughout his career, while pursuing his studies in the laws of motion. In the Dialogue concerning the two chief world
  systems, Galileo set forth a compelling case for the Sun-centred system. It takes the form of a debate between three friends that lasts over a series of days. A clever duo of heliocentrists,
  Salviati and Sagredo, find it very easy to overpower the geocentrist, Simplicio, with their clear arguments. The believer in the Ptolemaic cosmology is described in a less than sympathetic light
  and is made to echo some of the Churchs arguments. The Church, which until then had been able to stand back from making a pronouncement on which cosmology it should favour, was provoked into
  action. The pope, a former friend of Galileos, denounced the Copernican model as heretical, contravening the divine interpretation of the scriptures, and elicited a humiliating retraction
  from Galileo. Three centuries later the Vatican would apologize for its behaviour.


  Isaac Newton and the universal law of gravity


  Galileos work did not restrict him to observing the cosmos and fighting with the Church. He dedicated a major part of his life to trying to understand the laws of motion.
  One particularly important development was his work on uniform motion. Aristotle had established a set of rules on how bodies move on Earth. Things tend to stay still; any
  motion must be due to some impetus or force that keeps the object moving. According to Aristotle, the faster the speed at which something is moving, the larger the force to which it is being
  subjected. Given that motion is due to some form of moving force, different types of motion are essentially all of the same nature. For example, the uniform circular motion of the planets, in which
  they move around in circles at constant speed, is as natural as motion along a straight line at constant speed. Both need some kind of force to keep them going. The motion of the planets is due to
  a prime mover who keeps things going.


  Towards the end of his life, while under house arrest, Galileo spent his time working on the Dialogue of the two sciences, a written account of his work on motion. In the second volume,
  he presents a detailed discussion of the motion of a projectile such as a cannonball. The cannonball follows a parabolic trajectory  a curved path which looks very much like a smooth,
  symmetrical hill. As with an ellipse, we can obtain a parabola by intersecting a plane with a cone. In this case, the plane must only intersect the cone from one side and exit through the base.
  Galileo was able to describe the parabolic trajectory of the cannonball by splitting it up into two motions  one horizontal, the other vertical. The cannonball moves horizontally with
  uniform motion; it does not need an impetus to keep it going, only to set it going. And we begin to see what will become a major shift in the understanding of motion in Western physics.
  Uniform motion persists unless something is done to stop it. This is counter to the classical, Aristotelian view which assumed that the natural state was rest. The vertical motion of the cannonball
  is different, and Galileo proposed that the cannonball is pulled towards the Earth in such a way that its acceleration is constant. Furthermore, whatever the size of the cannonball, it will always
  speed up at the same rate as it falls towards the Earth. To Galileo, this principle was general: the Earth pulls anything above its surface towards it.


  Isaac Newton brought together all the various discoveries and proposals of Copernicus, Kepler and Galileo into one coherent whole. Newton was a brilliant mathematician and
  physicist, an important figure in the establishment, and an avid student of alchemy. His legacy to Western thought was immense. For example, the laws of motion and dynamics that are taught in
  secondary schools all over the world were proposed by Newton in the 17th century; they have undergone almost no alteration since his time. By the time Newton began to address the problem of
  planetary motion, the heliocentrists view of the Universe had already won out. The way that the different parts of the Universe moved, however, was still based on a strictly classical
  conception. It still consisted of a set of crystalline spheres, connected to each other and performing an elaborate set of orbits. The motions were elaborate because it was necessary to reproduce
  the elliptical orbits discovered by Kepler, for example, and to accommodate his three laws of planetary motion. But there was no explanation of what kept the planets going and how it was achieved.
  It was still believed that massive invisible structures pushed the planets around.


  Galileo had been able to show that the planets looked very much like our own and that at least some of them were centred on the Sun. Furthermore, he had shown that the laws of motion on Earth
  were such that bodies at constant velocity continued to move at that velocity, while all bodies were attracted to Earth and tended to fall with the same acceleration. What was needed was a
  mechanism explaining why and how the planets moved according to Keplers laws. This Newton did by postulating that the force that pulls things to Earth is general and is not restricted to
  things that are close to its surface. Everything attracts everything. An apple is pulled to the Earth in the same way that the Moon is pulled to the Earth, or the Earth is pulled to the Sun. In
  fact, the Sun is also pulled to the Earth, which in turn is pulled to the Moon. This was a radical step. Newton was basically saying that the laws of physics that govern
  the celestial sphere are exactly the same as those that govern the Earth. There is no split between the heavens and the Earth; they both evolve according to the same principles.


  In itself this was important, but the next crucial step was to establish the exact nature of this universal force. The exact details of how Newton discovered the law of gravitation are unclear,
  but there is widespread belief that he was able to derive it from Keplers third law, which relates the time it takes for a planet to complete an orbit to its distance from the Sun. Newton
  showed that any two physical bodies attracted each other with a force which decreased with the square of their distance. In other words, when one doubled the distance between two bodies, the
  gravitational force between them would decrease to a quarter of what it had been before. Furthermore, this force was proportional to the mass of each body. So if one body was twice as massive, the
  force it exerted would be twice as great.


  In the 1680s Newton wrote the Philosophiae Naturalis Principia Mathematica, also known as the Principia, at the request of the astronomer Edmund Halley, to explain his new laws of
  physics and planetary motion. The Principia consists of three books, the first and third of which present his laws of dynamics and gravity. The first law states that a body in a state of
  rest or straight uniform motion will remain in this state unless something is done to it. This principle of inertia was used by Galileo to explain the horizontal motion of his projectiles.
  The second law states that if we apply a force to a body, it will accelerate. The acceleration of the body will be proportional to the force but inversely proportional to its mass. Hence, if we
  push a bicycle, it will speed up more quickly than if we push a car with the same force. The third and final law states that for every force there is a counterforce. If we push the car, it pushes
  back. This law leads us to the fact that there is no unbalanced force in the Universe. There is no prime mover making things work, as the Greeks would have us believe. With
  these laws, Newton could explain any number of phenomena. For example, he could use them to reconstruct the motion of projectiles, reproducing Galileos results.


  It is in the third part of the Principia that Newton sets forth his unifying view of the cosmos. The grand title of this volume is System of the World, and in it Newton establishes
  his first two rules: We are to admit no more causes of natural things than such are both true and sufficient to explain their appearances and Therefore to the same natural
  effects we must, as far as possible, assign the same causes. He sets out the basic phenomena he wishes to explain  in essence, how the planets orbit the Sun and how they obey
  Keplers law. He then states that the moons of Jupiter, discovered by Galileo, are kept in their orbit by a force which depends on the inverse of the square of their distance to Jupiter
   in the same way as the planets are, relative to the Sun, or the Moon relative to the Earth. All the planets are subject to the same attractive force as everything else. He uses the Moon as
  a test case and describes it as if it were one of Galileos projectiles. By imagining that he could drop it towards the Earth, he works out the force to which it would be subjected. He then
  shows that a pendulum subjected to an equivalent force near the surface of the Earth would obey exactly the same law of attraction as the Moon. Hence the law of attraction is the same for
  projectiles on Earth and for the planets.


  A very approximate but illuminating way of visualizing the orbit of a planet around the Sun, subject to this force, is to think of throwing a ball into a strangely shaped bowl or funnel. Instead
  of being flat in the middle, the bowl gets steeper and steeper as we move inwards. And conversely it gets flatter the further away we move from the centre. Indeed, the centre is infinitely deep,
  and if we were to throw the ball straight into the bowl, it would fall down the hole, never to return. But if we give the ball some amount of tangential speed, it will spiral
  in. If we give it enough speed, it will keep rolling around the rim, counteracting its tendency to fall inwards. The closer we want the ball to roll around the hole, the greater the speed we have
  to give it, for closer to the middle the sides of the bowl are steeper and the pull inwards stronger. This means that the tighter its orbit, the faster the ball will be moving. As applied to the
  planets, this is Keplers third law.


  Newton was able to synthesize Galileos observations of terrestrial motion with Keplers laws of planetary motion. His work brought an end to the classical era of cosmology, which
  had been underpinned by the principles set out by Plato and Aristotle and which had dominated Western thought for almost two millennia. It ushered in a much simpler view of the Universe, and to
  some extent an even better realization of the Platonic ideal. Three laws of motion and the inverse square law of attraction between massive bodies could explain all the mechanical phenomena known
  to humanity. There was a price, however. Newtons gravitational force did not need anything to carry it. It was an instantaneous effect, an action at a distance. Unlike the tangible
  crystalline spheres of Aristotle or the struts that kept the planets in motion for Ptolemy or Copernicus, Newton had no explanation of how gravity worked. He had no physical mechanism that could
  explain how the force was transmitted from the Sun to the planets and vice versa. He stated: It is inconceivable, that inanimate brute matter should, without the mediation of something else,
  which is not material, operate upon, and affect other matter without mutual contact And this is one reason, why I desired you not ascribe innate gravity to me. A deeper understanding
  of gravity would only come with Einstein and the advent of modern cosmology in the 20th century.
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