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Slide 2

In Spring 2001 an American businessman, Dennis Tito (the middle astronaut in the photograph) became the first ‘Space Tourist’ – paying in the region of about £20 million to spend a short ‘holiday’ in the International Space Station.  After an intensive training program to prepare him for the physical rigours of spaceflight, Dennis Tito undertook the journey of a few hundred kilometres to rendezvous with the ISS in low Earth orbit.

Slide 3

The vertical distance travelled by Tito’s rocket above the surface of the Earth was roughly equal to the distance by road from Glasgow to Elgin, in the Scottish Highlands.  Yet a return journey to Elgin by car costs only about £20, and is undertaken by tens of thousands of tourists every year.  Why did Dennis Tito’s trip cost a million times more, to travel the same distance ‘straight up’ as a car travels from Glasgow to Elgin?  The simple answer to this question is ‘gravity’: he had to fight against the gravitational pull of the Earth.  Not only that, in travelling into space he was journeying beyond the Earth’s atmosphere – to a place where gravity no longer holds onto enough air to allow us to breathe. So, of course, Dennis had to take all his own air with him en route to the ISS, and then remain within the artificial environment of the ISS for the duration of his stay – all of which added to the cost of his holiday!

Slides 4 – 5

What is gravity?  This very profound question has a rich history within physics, and trying to answer it has driven some of the most significant advances in physics over the past few hundred years.  Perhaps the name most widely associated with the study of gravity is that of Isaac Newton – the British physicist whom many regard as the greatest of all time, and who published in the years 1684 – 1686 a theory of gravity that is still a perfectly adequate description today in all but the most extreme circumstances (see the notes on Einstein below).  Newton’s contribution to our understanding of gravity was to explain the phenomenon in terms of mathematical formulae, and provide a unified description of gravity that could be applied to any object in the Universe – from an apple falling from a tree to the Moon orbiting the Earth.  But Newton’s mathematics and theoretical insights were built on a solid foundation: the experimental work of (among others, but chiefly) Galileo Galilei, the Italian scientist who – in the late 1500s and early 1600s – carried out careful experiments to study how things move.

Slides 6 – 10
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.  Indeed, Galileo’s experimental approach was of fundamental importance to the progress of science, and is still at the very heart of how we do science today.  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 11 – 14

As we said before, 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 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 lying asleep beneath a tree when an apple fell on his head, an everyday occurrence which proved the inspiration for his law of gravity.  How much truth (if any!) there is in this tale no one knows. It is certainly clear that formulating 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.

Slides 15 – 18

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.  Although he might have expressed things in slightly different language from that used by physicists today, 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.  Nowadays we can use these same laws of Newton to work out how a rocket will behave; the laws tell us that we need a lot of energy to overcome the Earth’s gravity and get ourselves into space.  Indeed we can even apply Newton’s laws to explain how the Earth can hold on to the gas molecules in its atmosphere: lighter atoms and molecules such as hydrogen and helium have enough energy to overcome the Earth’s gravity – even at sea level – while heavier molecules such as oxygen and carbon dioxide are ‘trapped’ in the thin layer of atmosphere which surrounds the Earth (seen as the faint blue haze in the slide showing the Russian Space Station Mir, before its demise, in low Earth orbit).  By about 30km above the surface, however, the Earth’s gravity (which according to Newton’s Universal law grows weaker with the square of the distance) has become too weak to hold on to even the heaviest molecules and we are in the vacuum on space.  Astronauts require to carry with them their own supply of air – either by living inside a space station like Mir or the ISS, or wearing a space suit like the Apollo 11 astronaut Buzz Aldrin, shown in slide 18 descending the ladder of his Lunar Module onto the surface of the Moon.  The Moon is about 80 times smaller in volume than the Earth and its gravity is much weaker, so that even on its surface it cannot ‘hold on’ to an atmosphere.

Slides 19 – 36

So how does a rocket engine work?  If we compare the engines of e.g. the Space Shuttle with those of a car, or an aeroplane, there are certain similarities, but also important differences.  A car has an internal combustion engine, which burns petrol mixed with air and releases chemical energy.  This energy applies a force that turns the wheels of the car; these in turn push against the road surface and – because of Newton’s 3rd law of motion – the car moves forward.  Pushing against the road surface is vital to the car’s forward motion; just think about what can happen to a car on an icy road in winter!

The physics of flight is somewhat more complicated than the physics of a car’s motion, because an aircraft has to generate lift to stay airborne.  This is achieved through the difference in the speed of the air passing over and under the wing.  Leaving aside the question of generating lift, however, the basic physical principles of how an aircraft engine works are rather similar to those of a car’s engine.  Again, the aircraft engine burns petrol and air to produce chemical energy, which in this case turns a turbine at very high speed.  The turbine draws air into the engine, which gets ignited with the petrol; the exhaust gases get highly compressed and pushed out backwards (think of the speed of a jet of water when it emerges from a funnel).  Again, Newton’s 3rd law tells us that the aircraft will move forwards with a force which balances the backwards force of the air pushed from the engines.

Slides 37 – 44

Returning to the question of how a rocket works, the absence of roads and air in space poses an immediate problem: the rocket has nothing to push against.  Instead rockets operate by what is called the reaction principle – which is really just another way of stating Newton’s 3rd law.  Rockets carry with them their own oxygen – which their engines burn, pushing out the exhaust gas backwards at enormous speed; the reaction force pushes the rocket forwards.  In a sense the rocket is pushing against its own exhaust gas.  Since rockets carry all their own oxygen, and require nothing else to push against, they can operate in space where there is no atmosphere.

Slides 45 – 48

Once its rockets have propelled a spacecraft above the atmosphere and the spacecraft enters orbit it no longer needs to burn any more fuel.  This might seem at first to contradict Newton’s laws. Newton’s 1st law certainly tells us that objects will keep moving after we stop applying a force to them, but even after a rocket switches off its engines it is still experiencing the force of the Earth’s gravity. Doesn’t the rocket have to keep firing its engines just to stop gravity pulling it back down to Earth?  We must remember that Newton’s laws apply to the net force on a body; a spacecraft in orbit certainly still feels the force of gravity, but it also feels another force due to its circular motion around the Earth.  This circular force comes about because – even if the spacecraft is travelling with a constant speed – in a circular orbit 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 Newton’s 2nd law that it experiences another force due to this acceleration.  In fact this rotation (or centripetal) force exactly balances the gravitational force due to the Earth; there is a net force of zero on the rocket, and we say that the rocket is in free fall.  Any astronauts on board will experience weightlessness, because the Earth’s gravitational force is exactly balanced by the rotational force due to their orbital motion.

Slides 49 – 51

Returning again to Newton’s ‘big idea’, more specifically it was his realisation that this same balance between gravity and rotation forces can explain why the Moon stays in orbit around the Earth, or why the planets orbit the Sun.  The Moon 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.  Of course the true picture is a little more complicated than that of perfectly circular orbits, continuing unchanged forever.  The Moon’s orbit, for example, if affected not only by the Earth’s gravity but also that of the Sun and (to a much smaller extent) the other planets.  As a result the Moon’s orbit ‘precesses’ around the Earth – over a period of about 18 years – a little bit like a giant Hula Hoop!

Slides 52 – 55

So Newton’s laws of motion and gravitation can explain how a rocket works in space, and allow us to calculate the orbits and trajectories of spacecraft – successfully navigating the journey of, e.g., the Voyager spacecraft in the 1980s across billions of kilometres to rendezvous with Jupiter, Saturn, Uranus and Neptune, or more recently navigating the Cassini spacecraft not only to reach Saturn but also to decelerate sufficiently to enter orbit around the ringed planet. Newton’s achievements – however impressive – still leave a very deep, philosophical, question unanswered: how does the Moon know that it should orbit the Earth?  Putting this in a more formal, mathematical way: how does the force of gravity, described so well by Newton’s equations, 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?  An answer to this question came in the first decades of the 20th Century, with the work of the Swiss-German physicist Albert Einstein and his theories of Special and General Relativity.

Einstein probably vies with Newton for the title of most influential physicist of all time.  In fact he made ground-breaking contributions to many areas of physics, including the development of quantum mechanics (see ‘Light in Lumps or Ripples’), but it is probably for his theories of relativity that he is best known.  Einstein’s General Relativity was his theory of gravity, and was published in 1916 to extend and complete his (much easier!) theory of Special Relativity, which he published in 1906.  Special and General Relativity deserve a much more detailed treatment than there is time for here (but see ‘Einstein’s Universe’), but the key idea of Special Relativity was to try to understand how the Universe would look to observers moving at different relative speeds.  Einstein showed that the Universe would look very strange indeed if – as he postulated and all subsequent experiments have supported – the speed of light is the ultimate speed limit in the Universe, and is measured to be the same by any two observers, no matter how they are moving with respect to each other.  This constancy of the speed of light implied that the measured separation of events in space and time depended, incredibly, on how and by whom the measurements were made.  There is no such thing as absolute space and time in Einstein’s relativity, but instead a unified spacetime – with a geometry all of its own.

Slides 56 – 58

Einstein realised that his Special Theory of Relativity spelt trouble 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?  

It took Einstein 10 years to solve this puzzle, and he did so first by proposing that gravity and acceleration are equivalent to each other.  We can understand this idea 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 engine’s 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 his theory of 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. 

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 more philosophically satisfying explanation of how gravity works: even if the Newtonian theory gave the correct answers, it still leaves the question of how gravity ‘gets’ from the Earth to the Moon a complete mystery.

Slides 59 – 63

Einstein’s physics might also provide the astronauts of the 21st century with radical new ways to navigate the Solar System, by unlocking the same energy supply that fuels the Sun itself.  Einstein’s work on relativity and atomic physics yielded the famous equation 
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, which expresses the idea that matter and energy are equivalent; not only that, since the constant of proportionality is the speed of light squared, his equation means that there is potentially a colossal amount of energy to be unlocked from even a few kilogrammes’ worth of matter.  It is essentially the unlocking of this energy that has kept the Sun shining for billions of years, through the fusion of hydrogen into helium. Every second inside the Sun, 600 million tons of hydrogen are converted into 596 million tons of helium; the missing 4 million tons is converted into energy.  This process only occurs at incredibly high temperatures – of the order of 20 million degrees – in the heart of the Sun, and it is the outward gas pressure of the Sun’s atoms heated to such temperatures which balances the Sun’s inward gravitational force, and keeps it from collapsing under its own weight.  If we could find a way to control the release of energy from nuclear fusion (the explosion of a hydrogen bomb is an example of uncontrolled fusion), it would provide an excellent ‘rocket fuel’, hugely more efficient than the chemical rockets we use today.  One problem with such a fusion engine is that it generates a very small thrust – insufficient to lift a spacecraft from the surface of the Earth.  Unlike a conventional rocket, however, which uses up all of its fuel in only a few minutes, a fusion rocket could maintain its gentle thrust for weeks or months, thus eventually propelling spacecraft to velocities hundreds of times faster than our current rockets.  Perhaps, then, spacestations like the ISS – ‘freely falling’ in low Earth orbit – might provide the launch pads for fusion rockets of the future, bound for Mars, Jupiter and beyond.

Slides 64 – 65

The energy produced by nuclear fusion in the heart of the Sun comes to us as radiation – packets of light energy known as photons (see ‘Light in Lumps or Ripples’).  These photons carry radiation pressure: tiny pulses of energy, gently pushing outwards from the Sun.  Another, more exotic, form of future space travel might then be ‘Solar Sails’: vast sheets of thin, lightweight material pushed by the gentle pressure of the Sun’s photons and propelling small spacecraft around the inner Solar System.  Solar Sails would certainly represent a cheap, efficient, and environmentally friendly propulsion system for the planetary mariners of the 21st century!

Slides 66 – 71

Chemical rockets and solar sails might be sufficient for navigating around the Solar System but what of travel to the stars?  Could fusion engines power interstellar starships of the future?  The distances between the stars are so much greater that even a journey to the nearest star would take many decades.  The peculiar mathematics of Einstein’s special relativity means that – if one could accelerate to very close to the speed of light (possible in principle with a fusion rocket, which could provide an accelerating thrust for a very long time) – the elapsed time measured onboard one’s spaceship is much less (see ‘Einstein’s Universe’), but interstellar travellers would then return home to find that decades, even centuries, had elapsed back on Earth.

Science fiction writers – in books, on television and on film – have looked to “faster than light” travel as the way around this problem.  Spacecraft like the Starship Enterprise or the Millennium Falcon use warp drive or hyperspace to conveniently zip around their respective galaxies.  Is such FTL travel really possible?  The answer for the foreseeable future is almost certainly ‘no’, but perhaps in hundreds or even thousands of years’ time the weird physics of black holes might just provide a way to make FTL travel a reality – albeit very different from the vision of Star Trek or Star Wars.

Black holes 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.  In some theories, however, at the centre of a black hole 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, 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 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?

In the past few years we have learned that the Universe is not only expanding, but that the expansion is speeding up (see ‘The Runaway Universe’).  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 I)  – exerts a repulsive gravitational force; a form of antigravity.  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 are just wild speculation, but consider how the Space Shuttle would appear to a Greek scientist like Aristotle – or even to Newton!  The astronauts of the 31st century might consider our  ‘state of the art’ chemical rockets a very pedestrian way to travel.
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