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Slides 2 – 4
“Einstein or Newton: who was the greatest?”

This is a question that often features in popular discussions of physics.  Of course there are very few physicists around today who would dispute that the British scientist Isaac Newton in the late 17th century, and the Swiss-German physicist Albert Einstein in the early 20th century, were responsible for some of the most important developments and discoveries in the history of physics.  All too often, however, the popular discussion of Einstein and Newton has less to do with the physics developed by these two great scientists and more to do with their personalities.  Newton is often portrayed a young, brilliant, ‘loner’ – pale and thin, tucked away in the English countryside to escape the dangers of the Great Plague, inventing single-handedly, and virtually from scratch, several important fields of physics.  Einstein’s characterisation is more complex – perhaps because he is a more recent figure of history.  He is often portrayed as the archetypal ‘eminent professor’: old and white-haired, lost in deep thought.  This partly reflects the fact that, towards the end of his life, Einstein became much more than just a physicist, but a major iconic figure of wisdom – whose views on issues such as political freedom, nuclear disarmament and pacifism were widely sought and respected.  This is the Einstein of posters and t-shirts – and even of the Microsoft Office Assistant!  What this caricature overlooks, however, is that Einstein did much of his most brilliant work in his 20s – similar in age to Newton at his most productive.  Yet even here there is a misleading ‘human interest’ angle, since Einstein was working as a Patent Clerk and was not formally employed by a University at that time.  This does not mean, however, that he was isolated from contact with those who were, or that he had somehow bypassed the need for a proper University education in physics.

To compare Einstein and Newton in a head-to-head for the title of ‘Greatest physicist of all time’ is, therefore, an interesting but ultimately futile exercise – rather like (if the analogy does not seem too trivial) comparing Pele and Ronaldo, or Jack Nicklaus and Tiger Woods.  Einstein’s achievements deserve to be considered and appreciated in their own right, rather than merely as part of a contest with Newton.  Einstein’s work was revolutionary, but it was built from the foundations laid down by Newton – and by many others in the intervening centuries – and cannot really be understood without also considering some of that historical development (which has continued after Einstein too).  Indeed, Newton also built his discoveries on the foundations of his predecessors.  In a letter to Robert Hooke Newton wrote: “If I have been able to see further, it was only because I stood on the shoulders of giants.”  One of those giants was the Italian scientist Galileo Galilei, and Galileo’s work is a good place to begin our story in earnest.

Slides 5 – 9

In the late 1500s and early 1600s Galileo carried out a long series of careful experiments to study how things move.  Galileo’s experiments challenged an orthodoxy that had governed scientific thinking for two millennia: the theory of motion set out by the Greek philosopher Aristotle.  Galileo formulated his ideas about motion by carrying out experiments – observing how things were, regardless of how he thought they ought to be.  This approach was of fundamental importance to the progress of science, and is still at the heart of how we do science today.  

What’s more, Galileo’s experiments (which, in some stories, included the dropping of heavy objects from the top of the Leaning Tower of Pisa, although it’s unlikely that he actually did this) also showed that Aristotle’s predictions were wrong:  if there is no friction, then objects keep moving even after we stop applying a force to them; falling bodies accelerate as they fall and heavy bodies fall at the same rate as light ones.  Our everyday experience that e.g. a hammer falls much faster than a feather, when dropped from the same height, comes about because of air resistance (which acts like a form of friction).  Take away the air resistance and the hammer and feather will fall at exactly the same rate, and hit the ground at the same time – an experiment that the Apollo 15 astronaut David Scott was able to carry out successfully on the Moon, where there is of course no air resistance.

Slides 10 – 14

Newton took Galileo’s experimental observations and expressed them in more formal, mathematical language as 3 laws of motion, which he presented in his book, the Principia – published in 1686. The laws of motion are:

1. A body moves in a straight line unless acted upon by a net, unbalanced, force

2. The acceleration of a body is proportional to the unbalanced force acting upon it

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

In addition to these laws Newton also formulated in the Principia his law of Universal Gravitation, which states that:

Every object in the Universe attracts every other object with a force that is proportional to the product of their masses and inversely proportional to the square of the distance between them

The folklore is that Newton was asleep beneath a tree when an apple fell on his head, proving the inspiration for his law of gravity.  How much truth (if any!) there is in this tale no one knows. Certainly the formulation of his law of gravity involved a great deal more hard work (including the invention of a whole new branch of mathematics: differential and integral calculus) than the apple story suggests.  Newton’s real genius was to make the connection between what happens to everyday objects when they fall near the Earth’s surface (such as apples; whether or not one did actually fall on his head) and what happens to, for example, the Moon as it travels through space.  He realised that if gravity acts everywhere, in a manner described by his Universal law, one could use that law – together with his 3 laws of motion – to work out how both the apple and the Moon would move under the influence of the Earth’s gravity.  

Newton realised that, as the Moon orbits the Earth, it is constantly changing direction, so that it has a constantly changing velocity.  In other words it is constantly accelerating, which in turn implies from his 2nd law that it experiences another force.  He worked out that this rotation (or centripetal) force exactly balances the gravitational force due to the Earth.  This explains why the Moon stays in orbit around the Earth: it is ‘falling’ towards the Earth – just like Newton’s apple – but, unlike the apple, the circular orbit followed by the Moon means that it keeps missing the Earth!

Slides 15 – 30

Newton’s picture of the Universe was built on the idea of absolute space and time – a rigid framework against which all measurements and experiments could be carried out.  The laws of physics were also assumed to be the same for everyone and everywhere.  There were simple rules to tell you how to relate measurements made by observers travelling at different velocities – in fact these rules had first been set out by Galileo, and are still known today as Galilean Transformations – but these rules were still rooted in the principle of absolute space and time, and the universality of physical laws.

For more than 200 years the Newtonian worldview reigned supreme in physics, and Newton’s laws of motion and gravity were applied to describe everything from the motion of atoms in a gas to the orbits of planets and stars.  New fields of physics were emerging – most notably electricity and magnetism.  In the second half of the 19th century, with light now firmly recognised as a wave phenomenon (ironically, contrary to the view of Newton, whose experiments on the nature of light – very important in their own right – had led him to conclude that light was a particle; see ‘Light in Lumps or Ripples’), the British physicist James Clerk Maxwell made an enormous leap forward in explaining how light is produced.  Maxwell’s theory of electromagnetism showed that a changing electric field (due to e.g. moving electrons) produces a magnetic field, and a changing magnetic field produces an electric current; together, the changing electromagnetic field radiated light energy in a manner described by what mathematicians refer to as a wave equation – i.e. Maxwell had shown mathematically that light was a wave!  His theory explained light as electromagnetic radiation, which comes in a variety of different forms that together make up the electromagnetic spectrum – of which visible light is only a very small part. The electromagnetic spectrum ranges from the high-energy radiation called gamma rays and x-rays, through ultraviolet, visible light and infrared, to microwaves and radio waves, which have energies many billions of times less than gamma rays or x-rays.

Maxwell’s equations of electromagnetism allowed the speed of light to be predicted theoretically, and in the 1870s and 1880s the American physicist Albert Michelson carried out a series of experiments to measure the speed of light – obtaining excellent agreement with the theoretically predicted value, and a value very close to that accepted today: about 300,000 kilometres per second.  (Michelson was awarded the Nobel Prize for this work in 1907).  A key question still occupied Michelson, however: what did light travel through?  Other wave phenomena seemed to require a medium to propagate through: water waves through the ocean, sound waves through the air.  In the late 1800s it was believed by many physicists that light propagated through the Ether – a mysterious, elusive substance (the word ‘ethereal’ comes from the same root) that permeated all space, but seemed to offer no resistance to the Earth’s motion.

If the Ether existed, and if light obeyed the rules of Galilean Transformations, then Michelson realised that it should be possible to detect the movement of the Earth through the Ether, by measuring how the speed of light from e.g. a distant star changed over the course of the year, as the Earth orbits the Sun.  According to the Galilean Transformations, the speed of light measured about 6 months apart ought to change by about 0.02%.  In 1887 Michelson, and his colleague E.W. Morley devised a clever experiment to look for the same effect, without having to wait 6 months.  Their apparatus would first split a light beam into two parts, and then use mirrors to reflect the two beams back and forth along paths at right angles to each other, before re-combining the light into a single beam.  The ‘Ether Drift’ would be like the flow of a river, affecting the speed of two swimmers – one swimming up and downstream, the other swimming the same distance across the river and back.  Michelson and Morley expected their two light beams to arrive back at slightly different times, because of the slightly different relative speed of the light in the two directions – an effect which would show up as interference fringes in the pattern of light (see also ‘Light in Lumps and Ripples’).   Despite very careful measurements, however, Michelson and Morley detected absolutely no Ether Drift.  It seemed that light was not obeying the rules of Galilean Transformations and Newton’s Laws.  What was going on?…
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A daring answer to the puzzle of the Michelson-Morley Experiment was to come from Albert Einstein in 1905, when he published his Special Theory of Relativity (so called because it considered only the case where different observers were in relative motion with a constant velocity; the case of accelerated observers would have to wait another 11 years, for his General Theory of Relativity – see below).  Einstein very much supported the Galilean / Newtonian view that the laws of physics should apply everywhere, and for every observer.  However, he realised that Maxwell’s Equations of electromagnetism appeared to contradict this principle: if Galileo’s rules for transforming between different observers were correct, then Maxwell’s Equations would look different for observers moving at different velocities.  Einstein realised that the way to fix this was to postulate that the speed of light was constant, and would be measured to be the same by any two observers – regardless of their relative motion.  This would ensure that both observers ‘saw’ the same set of Maxwell’s Equations.  It also implied that the Michelson-Morley Experiment would detect no Ether Drift, quite simply because there was no Ether!  Transforming between reference frames followed the rules not of Galileo and Newton, but the Lorentz Transformation – derived by the Dutch Physicist Hendrik Lorentz as part of an Ether theory, but now found by Einstein to apply equally to an Ether-free universe.
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The consequences of Einstein’s Special Theory went far beyond abolishing the ‘Ether Drift’; the basic Newtonian idea of a ‘backdrop’ of absolute space and time was also firmly rejected. Observers moving relative to each other, in different reference frames, would disagree about the measured separation in space and time of events that they observed.

We can illustrate the bizarre consequences of Special Relativity with the following ‘thought experiment’.  Suppose we are on a train, moving at high speed, and shine a torch upwards from the floor, reflecting the light beam off a mirror in the ceiling. From our point of view, onboard the train, the light beam travels vertically upwards and downwards.  From the point of view of a (sharp-eyed!) observer standing on the platform as our train rushes past, the light beam follows a triangular path, since the train will have moved along the track a little by the time the light beam returns to the floor of the carriage.

Some simple trigonometry – combined with Einstein’s big idea, that an observer on the moving train would measure exactly the same speed of light as an observer on the platform – leads us to a quite remarkable result.  It appears to an observer on the station platform as if time is running more slowly on the moving train than it is on the station clock!  This effect – known as time dilation – has been successfully measured not on moving trains, as their velocity is so tiny compared with that of light, but with elementary particles moving close to the speed of light.

When extremely high energy particles known as cosmic rays (which are believed to emanate in deep space from e.g. supernova explosions – see ‘The Life and Death of Stars’) collide with atoms in the upper atmosphere of the Earth, they produce showers of muons: short-lived elementary particles about 200 times more massive than electrons.  When slow-moving muons are produced in laboratories, we find that their typical lifetime is extremely short – about two millionths of a second – before they decay into other particles.  The cosmic ray muons are moving with a speed of about 99.9% of the speed of light; even at this speed, however, a muon would travel only about half a kilometre in two millionths of a second.  Yet substantial numbers of cosmic ray muons are detected at sea level, about 60 kilometres below the altitude where the muons are created.  This is because time dilation means that, viewed in our reference frame, the lifetime of the fast-moving muons is considerably longer – i.e. time runs more slowly for them because they are moving at speeds very close to the speed of light.

Of course in the reference frame of the muons, they are not moving at all – hence their lifetime is still only 2 millionths of a second.  From the muon’s point of view, the reason why they are able to reach sea level is that the distance which they travel – measured to be 60 kilometres in our reference frame – is considerably ‘shrunk’ in their reference frame – an effect known as length contraction.

The Newtonian viewpoint not only regarded space and time as absolute, but also as completely separate.  The fact that Einstein’s relativity showed space and time measurements to depend on the motion of the observer, however, also meant that space and time were inextricably intertwined.  One could no longer think of space and time as separate entities, but instead as a common spacetime – with a unique geometry of its own, distinctly different from the familiar geometry of space, developed by Pythagoras and Euclid.
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Einstein realised that the Lorentz Transformations also implied that the speed of light was the ultimate speed limit in the Universe.  No material particle could even travel at the speed of light, never mind faster than light; the mathematics of the Lorentz Transformation wouldn’t allow it. (Look at what happens if the velocity, v, in the equation of Slide 66 is greater than c; the time measured in the carriage frame becomes imaginary, as the argument of the square root function becomes negative.)  Physically, faster than light travel was prohibited in Special Relativity as it would require an infinite amount of energy; this became clear in Einstein’s theory, since just as space and time were interlinked, so too were energy and momentum. Any particle has a particular rest mass, which is the mass you would measure if the particle is at rest in your reference frame, but if the particle is moving with respect to you then its mass effectively appears greater.  As its speed approaches the speed of light, its effective mass becomes infinite, so that it would require an infinite amount of energy to increase its speed further.

Einstein realised that another consequence of this interconnection of energy and momentum was the equivalence of mass and energy – an idea which he summarised in his famous equation 
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.  This equation is the key to how stars, including our Sun, generate heat and light.  In the cores of stars hydrogen nuclei can fuse together to become helium nuclei.  The mass of each helium nucleus is very slightly less than the combined mass of the hydrogen nuclei from which it was formed; the extra mass is converted into energy, via Einstein’s equation.  In fact inside the Sun every second 600 million tons of hydrogen are turned into 596 million tons of helium, with the missing 4 million tons converted into energy – equivalent to the light of 4 million million million million 100W light bulbs!  Fortunately, there is so much hydrogen inside the Sun that this process can continue for about 10 billion years. (See also ‘The Life and Death of Stars’).
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Despite the phenomenal intellectual achievement that was Einstein’s Special Theory of Relativity, he realised that it was just an approximation to the truth.  This is because it dealt only with inertial reference frames that described the motion of observers who are moving with constant velocity.  It took Einstein a further 11 years to develop a theory capable of incorporating observers who were accelerating and observers who were experiencing the force of gravity; in fact fundamental to Einstein’s later theory was the proposition that these two additional cases were essentially one and the same thing. His new theory was published in 1916, and is known as General Relativity.

Einstein realised that his Special Theory of Relativity raised some specific problems for Newton’s law of gravity.  Newton had proposed that the force of gravity between two masses was inversely proportional to the square of their separation, and was somehow felt instantaneously by the two masses: ‘action at a distance’.  Special Relativity said that the two observers moving relative to each other would measure different distances between the events that they observed, and would not even agree on whether events were simultaneous.  How, then, were they to agree on the force of gravity between two masses?  Surely the force of gravity couldn’t depend on who was measuring it?  In addition to these problems, Einstein realised that ‘action at a distance’ also left a deep, philosophical, question unanswered: how does the Moon know that it should orbit the Earth?  In other words, how does the force of gravity actually act across space, over thousands, millions or billions of kilometres, within the Solar System – to say nothing of the enormously greater distances between stars and galaxies? Einstein’s General Theory of Relativity provided a wonderfully elegant mathematical and physical explanation for gravity.  We cannot really do justice to the theory in this presentation, but we can at least gain some insight into its central principle: that gravity and acceleration are equivalent to each other.

Since long before Einstein it had been appreciated that inertial mass (which appears in Newton’s second law, and measures the ‘resistance’ of a substance to be accelerated when a given force is applied to it) and gravitational mass (which appears in Newton’s law of gravitation) were found experimentally to be equal to each other.  Einstein postulated that this was no coincidence, but that inertial and gravitational mass were exactly equal because gravity and acceleration were exactly equivalent – an idea which he called his principle of equivalence.  

We can understand why this principle might be true by thinking about an astronaut on board the space shuttle, sitting on the launch pad.  Provided the astronaut does nothing sneaky like looking out of the window or talking to Mission Control, he has no real way to tell whether the sensation of being pressed into his seat – the feeling of weight – is because he is experiencing the Earth’s gravity or the thrust of the Space Shuttle’s engines (again, we overlook here the noise of the engines which would be another giveaway – let’s suppose the astronaut is in a completely soundproof cabin).  Perhaps a more familiar example might be to think about the feeling one experiences as an aircraft accelerates down the runway: we are pressed backwards into our seat by the acceleration; is that so different from being pressed downwards into our seat by the Earth’s gravity?  Einstein concluded that the answer to this question was ‘No’: gravitational forces and acceleration forces are equivalent.  This idea provided the key to developing General Relativity, which explained how gravity (and hence acceleration) works.  In Einstein’s picture, gravity is not a force acting through space and time (with the attendant problems of how gravity acts at a distance). Instead, gravity is the result of matter and energy in the Universe warping spacetime itself.

There is a very neat way to sum up this picture: Spacetime tells matter how to move and matter tells spacetime how to curve.  Think of a sheet of stretched rubber, with a heavy mass (e.g. a ball bearing) at its centre. The ball bearing will distort, or warp, the flat surface of the rubber sheet so that another, smaller, ball bearing rolled towards it will not follow a straight path but will follow the natural curves of the sheet.  In a similar way, we can think of the Moon orbiting the Earth not because of the ghostly action of gravity, at a distance, but because the Moon is simply following the natural local contours of spacetime, which are curved by the presence of the Earth’s mass nearby. 
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The differences between the predictions of Newton’s theory of gravity and Einstein’s general relativity are tiny, and in almost all circumstances we can quite happily use Newton’s theory.  There are differences, however which can easily be detected even within the solar system, and in every circumstance to date Einstein’s predictions have been shown to be more accurate.  Maybe more importantly, Einstein’s theory also provides a much more philosophically satisfying explanation of how gravity works: even if the Newtonian theory gave the correct answers, it still left the question of how gravity gets from the Earth to the Moon a complete mystery. 
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A famous prediction of General Relativity is the existence of Black Holes. These are stars so massive that even light can’t escape from them, and anything which crosses their event horizon (the region around a black hole where escape speed reaches the speed of light) is drawn inexorably to the “singularity”: a point of infinite density at the centre where space and time cease to exist.  Although by definition we cannot see a black hole, we can see the effect that it has on surrounding matter.  There is now extremely strong evidence that black holes exist from studies of certain binary star systems: pairs of stars orbiting their common centre of mass.  By studying the orbits of these systems one can deduce the mass of the two companions – even if they are not both visible.  There are a number of examples of such binaries where a giant star is orbiting an unseen companion, the gravity of which is so strong that it is ‘sucking’ matter from the giant, distorting its shape, and forming a very hot accretion disk of spiralling material around it.  The mass of the unseen companion is estimated to be so large that General Relativity predicts that it must be a black hole.  More recently, observations of distant galaxies have deduced the existence of supermassive black holes – with masses hundreds and thousands, or even millions of times that of the Sun – at their centre.  Indeed it is believed that these supermassive black holes are the ‘engines’ of quasars: incredibly luminous, highly compact objects mainly seen at great distances (and hence a long time in the past) which are believed to be associated with the birth pangs of newly forming galaxies.

Given that black holes do indeed exist, the spacetime in their vicinity can do some very strange things!  In some models of rotating black holes, inside the event horizon lies not a singularity, but instead a wormhole – a tunnel which could link the black hole to a distant region of the Universe.  If a spaceship (and its occupants) could survive the journey into the black hole (no mean feat, given the intense gravity, which would be significantly different even between the head and the feet of an astronaut approaching the event horizon – causing a rather gruesome effect referred to imaginatively as spaghettification) and somehow ‘squeeze’ its way through the wormhole, it might emerge in a distant star system – having crossed thousands of light years in an instant.

Squeezing through a wormhole is easier said than done, however. They are thought to be the smallest things in the Universe – almost unimaginably smaller even than atoms.  If we imagined a wormhole as the size of an atom, then the atom itself would be about the same size as our galaxy!  Could anything possibly make a wormhole big enough to fit even an atom through, far less a spaceship?  The answer to this question is almost certainly ‘No’, but in the past few years some astronomical discoveries have provided the tiniest hint of a method for expanding wormholes that might be made to work sometime in the distant future – who knows?   These discoveries also relate closely to some of Einstein’s work on General Relativity.

In the past few years we have learned not only that the Universe is expanding, but that the expansion is speeding up (see ‘The Runaway Universe’ for much more on this).  While no clear physical explanation for this acceleration has yet been found, astronomers and physicists have proposed the existence of a ‘dark energy’, or quintessence, which permeates the Universe: a weird new form of matter which – unlike the ordinary matter that forms stars and planets (and you and me)  – exerts a repulsive gravitational force, which one might think of as a form of antigravity.  In fact, the simplest form of this ‘dark energy’ could be an energy associated with the vacuum of empty space, which according to the weird rules of quantum physics (see ‘Light in Lumps or Ripples’) is not empty at all but is a seething ‘sea’ of virtual particles.  Such a vacuum energy would have the same effect on the equations of General Relativity as the cosmological constant proposed by Einstein.

When Einstein tried to apply his equations of General Relativity to describe the whole Universe, he found that a natural condition for spacetime was to be expanding or contracting; it was difficult to arrange for the Universe to be static – despite, of course, that being its assumed condition in 1916.  Einstein introduced his cosmological constant into the equations to force the Universe to be static.  Once Edwin Hubble had announced his discovery of the expansion of the Universe, Einstein no longer needed his extra constant to keep things static and it has been reported that he later came to regard the cosmological constant as his ‘greatest blunder’. But could this vacuum energy, quintessence or cosmological constant – call it what you will – now be the mysterious source of ‘dark energy’ driving the accelerated expansion of the Universe?  Perhaps Einstein was right all along?  A number of space missions, either already launched or planned for the next decade, will hopefully provide us with definitive answers to these questions.

Returning to the realm of black holes, and indulging in some wild speculation, if we could thread the mouth of a wormhole with quintessence the wormhole would expand enormously – perhaps opening a spaceship-sized gateway to distant star systems.  Of course such ideas present enormous theoretical and technological challenges – and in all likelihood may never be possible – but they are already cropping up in our Science Fiction!  Only time will tell if they have any basis in the science fact of Einstein’s Universe.
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What about the Post-Einsteinian Universe?  In his lifetime Albert Einstein provided us with answers to some of the deepest puzzles in physics, but there were many other questions that defeated even his brilliant mind.  He spent decades trying to reconcile his General Theory of Relativity – which seemed to describe so well the phenomenon of gravity – with the emerging Quantum Theory, which seemed to do an excellent  (if at times completely baffling!)  job of describing the behaviour of sub-atomic particles.  Einstein made several crucial contributions to the development of Quantum Theory, but remained deeply sceptical of some of its philosophical implications about the nature of objective reality, and in particular the suggestion that events on the sub-atomic level were governed by the rules of probability. (See ‘Light in Lumps or Ripples’).  The search for a ‘Grand Unified Theory’, that incorporated both General Relativity and Quantum Theory, occupied Einstein unceasingly for almost 40 years, but for him it was ultimately to be a fruitless search.  Indeed, more than 50 years on from the quotation given here, the search still goes on.  Much progress has been made in recent years, however, and many physicists think that a theory of Quantum Gravity will be established in the early part of the 21st century.
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