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Introduction



When I told my friends about this book they joked that the first thing you really need to know about physics is that it is hard. Despite this, we all use physics every day. When we look in a mirror, or put on a pair of glasses we are using the physics of optics. When we set our alarm clocks we track time; when we follow a map we navigate geometric space. Our mobile phones connect us via invisible electromagnetic threads to satellites orbiting overhead. But physics is not all about technology. Without it there would be no moon, no rainbows, no diamonds. Even the blood flowing through our arteries follows the laws of physics, the science of the physical world.


Modern physics is full of surprises. Quantum physics turned our world upside down by questioning the very concept of an object’s existence. Cosmology asks what the universe is. How did it arise and why are we here? Is our universe special or somehow inevitable? Peering inside atoms, physicists uncovered a hidden ghostly world of fundamental particles. Even the most solid mahogany table is mostly made of empty space, its atoms supported by a scaffolding of nuclear forces. Physics grew out of philosophy, and in a way it is turning back towards it by providing new and unexpected views of the world that surpass our daily experiences.


However, physics is not just a collection of imaginative ideas. It is rooted in fact and experiment. The scientific method continually upgrades the laws of physics, like computer software, as bugs are fixed and new modules added. If the evidence requires it, major shifts in thinking can be accommodated, but acceptance takes time. It took more than a generation for Copernicus’s idea that the Earth goes round the Sun to be widely accepted, but the pace has quickened and quantum physics and relativity were integrated into physics within a decade. So even the most successful laws of physics are constantly being tested.


This book offers you a whistle-stop tour of the world of physics, from basic concepts like gravity, light and energy through to modern ideas of quantum theory, chaos and dark energy. I hope that, like a good tourist guidebook, it tempts you to find out more. Physics is not just fundamental – it is fun.





01 Mach’s principle


A child whirling on a merry-go-round is tugged outwards by the distant stars. This is Mach’s principle that ‘mass there influences inertia here’. Through gravity, objects far away affect how things move, and spin, nearby. But why is this and how can you tell if something is moving or not?


If you have ever sat in a train at a station and seen through the window a neighbouring carriage pull away from yours, you will know that sometimes it is hard to tell whether it is your own train leaving the station or the other arriving. Is there a way that you could measure for sure which one is in motion?


Ernst Mach, Austrian philosopher and physicist, grappled with this question in the 19th century. He was treading in the footsteps of the great Isaac Newton who had believed, unlike Mach, that space was an absolute backdrop. Like graph paper, Newton’s space contained an engraved set of coordinates and he mapped all motions as movements with respect to that grid. Mach, however, disagreed, arguing instead that motion was only meaningful if measured with respect to another object, not the grid. What does it mean to be moving if not relative to something else? In this sense Mach, who was influenced by the earlier ideas of Newton’s competitor Gottfried Leibniz, was a forerunner to Albert Einstein in preferring to think that only relative motions made sense. Mach argued that because a ball rolls in the same way whether it is in France or Australia, the grid of space is irrelevant. The only thing that can conceivably affect how the ball rolls is gravity. On the Moon the ball might well roll differently because the gravitational force pulling on the ball’s mass is weaker there. Because every object in the universe exerts a gravitational pull on every other, each object will feel each other’s presence through their mutual attractions. So motion must ultimately depend on the distribution of matter, or its mass, not on the properties of space itself.


‘Absolute space, of its own nature without reference to anything external, always remains homogenous and immovable.’
Isaac Newton, 1687


Mass What exactly is mass? It is a measure of how much matter an object contains. The mass of a lump of metal would be equal to the sum of the masses of all the atoms in it. Mass is subtly different from weight. Weight is a measure of the force of gravity pulling a mass down – an astronaut weighs less on the Moon than on Earth because the gravitational force exerted by the smaller Moon is less. But the astronaut’s mass is the same – the number of atoms he contains has not changed. According to Albert Einstein, who showed that energy and mass are interchangeable, mass can be converted into pure energy. So mass is, ultimately, energy.


Inertia Inertia, named after the Latin word for ‘laziness’, is very similar to mass but tells us how hard it is to move something by applying a force. An object with large inertia resists movement. Even in outer space a massive object takes a large force to move it. A giant rocky asteroid on collision course with the Earth may need a huge shove to deflect it, whether it is created by a nuclear explosion or a smaller force applied for a longer time. A smaller spacecraft, with less inertia than the asteroid, might be manoeuvred easily with tiny jet engines.


The Italian astronomer Galileo Galilei proposed the principle of inertia in the 17th century: if an object is left alone, and no forces are applied to it, then its state of motion is unchanged. If it is moving, it continues to move at the same speed and in the same direction. If it is standing still it continues to do so. Newton refined this idea to form his first law of motion.


Newton’s bucket Newton also codified gravity. He saw that masses attract one another. An apple falls from a tree to the ground because it is attracted by the Earth’s mass. Equally, the Earth is attracted by the apple’s mass, but we would be hard pressed to measure the microscopic shift of the whole Earth towards the apple.


Newton proved that the strength of gravity falls off quickly with distance, so the Earth’s gravitational force is much weaker if we are floating high above it rather than on its surface. But nevertheless we would still feel the reduced pull of the Earth. The further away we go the weaker it would get, but it could still tweak our motion. In fact, all objects in the universe may exert a tiny gravitational pull that might subtly affect our movement.


Newton tried to understand the relationships between objects and movement by thinking about a spinning bucket of water. At first when the bucket is turned, the water stays still even though the bucket moves. Then the water starts to spin as well. Its surface dips as the liquid tries to escape by creeping up the sides but it is kept in place by the bucket’s confining force. Newton argued that the water’s rotation could only be understood if seen in the fixed reference frame of absolute space, against its grid. We could tell if the bucket was spinning just by looking at it because we would see the forces at play on it producing the concave surface of the water.


Centuries later Mach revisited the argument. What if the water-filled bucket were the only thing in the universe? How could you know it was the bucket that was rotating? Couldn’t you equally well say the water was rotating relative to the bucket? The only way to make sense of it would be to place another object into the bucket’s universe, say the wall of a room, or even a distant star. Then the bucket would clearly be spinning relative to that. But without the frame of a stationary room, and the fixed stars, who could say whether it was the bucket or the water that rotates? We experience the same thing when we watch the Sun and stars arc across the sky. Is it the stars or the Earth that is rotating? How can we know? According to Mach, and Leibniz, motion requires external reference objects for us to make sense of it, and therefore inertia as a concept is meaningless in a universe with just one object in it. So if the universe were devoid of any stars, we’d never know that the Earth was spinning. The stars tell us we’re rotating relative to them.









ERNST MACH 1838–1916



As well as for Mach’s principle, Austrian physicist Ernst Mach is remembered for his work in optics and acoustics, the physiology of sensory perception, the philosophy of science and particularly his research on supersonic speed. He published an influential paper in 1877 that described how a projectile moving faster than the speed of sound produces a shock wave, similar to a wake. It is this shockwave in air that causes the sonic boom of supersonic aircraft. The ratio of the speed of the projectile, or jet plane, to the speed of sound is now called the Mach number, such that Mach 2 is twice the speed of sound.









The ideas of relative versus absolute motion expressed in Mach’s principle have inspired many physicists since, notably Einstein (who actually coined the name ‘Mach’s principle’). Einstein took the idea that all motion is relative to build his theories of special and general relativity. He also solved one of the outstanding problems with Mach’s ideas: rotation and acceleration must create extra forces, but where were they? Einstein showed that if everything in the universe were rotating relative to the Earth, we should indeed experience a small force that would cause the planet to wobble in a certain way.


The nature of space has puzzled scientists for millennia. Modern particle physicists think it is a seething cauldron of subatomic particles being continually created and destroyed. Mass, inertia, forces and motion may all in the end be manifestations of a bubbling quantum soup.


the condensed idea


Mass matters for motion






	timeline






	c.335BC


	Aristotle states that objects move due to the action of forces






	
AD1640

	Galileo formulates the principle of inertia






	1687

	Newton publishes his bucket argument






	1893

	Mach publishes The Science of Mechanics







	1905

	Einstein publishes the special theory of relativity










02 Newton’s laws of motion


Isaac Newton was one of the most prominent, contentious and influential scientists of all time. He helped to invent calculus, explained gravity and identified the constituent colours of white light. His three laws of motion describe why a golf ball follows a curving path, why we are pressed against the side of a cornering car and why we feel the force through a baseball bat as it strikes the ball.


Although motorcycles had yet to be invented in Newton’s time, his three laws of motion explain how a stunt rider can mount the vertical wall of death, and how Olympic cyclists race on inclined tracks.


Newton, who lived in the 17th century, is considered one of the foremost intellects of science. It took his highly inquisitive character to understand some of the most seemingly simple yet profound aspects of our world, such as how a thrown ball curves through the air, why things fall down rather than up and how the planets move around the Sun.








ISAAC NEWTON 1643–1727



Isaac Newton was the first scientist to be honoured with a knighthood in Britain. Despite being ‘idle’ and ‘inattentive’ at school, and an unremarkable student at Cambridge University, Newton flourished suddenly when plague closed the university in the summer of 1665. Returning to his home in Lincolnshire, Newton devoted himself to mathematics, physics and astronomy, and even laid the foundations for calculus. There he produced early versions of his three laws of motion and deduced the inverse square law of gravity. After this remarkable outburst of ideas, Newton was elected to the Lucasian Chair of Mathematics in 1669 at just 27 years old. Turning his attention to optics, Newton discovered with a prism that white light was made up of rainbow colours, quarrelling famously with Robert Hooke and Christiaan Huygens over the matter. Newton wrote two major works, Philosophiae naturalis Principia mathematica, or Principia, and Opticks. Late in his career, Newton became politically active. He defended academic freedom when King James II tried to interfere in university appointments and entered Parliament in 1689. A contrary character, on the one hand desiring attention and on the other being withdrawn and trying to avoid criticism, Newton used his powerful position to fight bitterly against his scientific enemies and remained a contentious figure until his death.









An average student at Cambridge in the 1660s, Newton began by reading the great works of mathematics. Through them he was drawn away from civic law into the laws of physics. Then, on sabbatical at home when the university was closed for an outbreak of plague, Newton took the first steps to developing his three laws of motion.


Forces Borrowing Galileo’s principle of inertia, Newton formulated his first law. It states that bodies do not move or change their speed unless a force acts. Bodies that are not moving will remain stationary unless a force is applied; bodies that are moving with some constant speed keep moving at that same speed unless acted upon by a force. A force (for instance a push) supplies an acceleration that changes the velocity of the object. Acceleration is a change in speed over some time.


This is hard to appreciate in our own experience. If we throw a hockey puck it skims along the ice but eventually slows due to friction with the ice. Friction causes a force that decelerates the puck. But Newton’s first law may be seen in a special case where there is no friction. The nearest we might get to this is in space, but even here there are forces such as gravity at work. Nevertheless, this first law provides a basic touchstone from which to understand forces and motion.


Acceleration Newton’s second law of motion relates the size of the force to the acceleration it produces. The force needed to accelerate an object is proportional to the object’s mass. Heavy objects – or rather ones with large inertia – need more force to accelerate them than lighter objects. So to accelerate a car from standing still to 100 kilometres an hour in one minute would take a force equal to the car’s mass times its increase in speed per unit time. Newton’s second law is expressed algebraically as ‘F = ma’, force (F) equals mass (m) times acceleration (a). Turning this definition around, the second law expressed in another way says that acceleration is equal to force per unit mass. For a constant acceleration, force per unit mass is also unchanged. So the same amount of force is needed to move a kilogram mass whether it is part of a small or large body. This explains Galileo’s imaginary experiment that asks which would hit the ground first if dropped together: a cannonball or a feather? Visualizing it we may think that the cannonball would arrive ahead of the drifting feather. But this is simply due to the air resistance that wafts the feather. If there were no air, then both would fall at the same rate, hitting the ground together. They experience the same acceleration, gravity, so they fall side by side. Apollo 15 astronauts showed in 1971 that on the Moon, where there is no atmosphere to slow it down, the feather falls at the same rate as a geologist’s heavy hammer.


Action equals reaction Newton’s third law states that any force applied to a body produces an equal and opposite reaction force in that body. In other words, for every action there is a reaction. The opposing force is felt as recoil. If one roller-skater pushes another, then she will also roll backwards as she pushes against her partner’s body. A marksman feels the kick of the rifle against his shoulder as he shoots. The recoil force is equal in size to that originally expressed in the shove or the bullet. In crime films the victim of a shooting often gets propelled backwards by the force of the bullet. This is misleading. If the force was really so great then the shooter should also be hurled back by the recoil of his gun. Even if we jump up off the ground, we exert a small downward force on the Earth, but because the Earth is so much more massive than we are, it barely shows.


With these three laws, plus gravity, Newton could explain the motion of practically all objects, from falling acorns to balls fired from a cannon. Armed with these three equations he could confidently have climbed aboard a fast motorbike and sped up onto the wall of death, had such a thing existed in his day. How much trust would you place in Newton’s laws? The first law says that the cycle and its rider want to keep travelling in one direction at a certain speed. But to keep the cycle moving in a circle, according to the second law, a confining force needs to be provided to continually change its direction, in this case applied by the track through the wheels. The force needed is equal to the mass of the cycle and rider multiplied by their acceleration. The third law then explains the pressure exerted by the cycle on the track, as a reactionary force is set up. It is this pressure that glues the stunt rider to the inclined wall, and if the bike goes fast enough it can even ride on a vertical wall.




Even today knowledge of Newton’s laws is pretty much all you need to describe the forces involved in driving a car fast around a bend or, heaven forbid, crashing it. Where Newton’s laws do not hold is for things moving close to the speed of light or with very small masses. It is in these extremes that Einstein’s relativity and the science of quantum mechanics take over.









Newton’s laws of motion


First law Bodies move in a straight line with a uniform speed, or remain stationary, unless a force acts to change their speed or direction


Second law Forces produce accelerations that are in proportion to the mass of a body (F = ma)


Third law Every action of a force produces an equal and opposite reaction









the condensed idea


Motion captured






	timeline






	c.350BC


	Aristotle proposes in Physics that motions are due to ongoing changes






	
AD1640

	Galileo formulates the principle of inertia






	1687

	Newton publishes the Principia







	1905

	Einstein publishes the special theory of relativity










03 Kepler’s laws


Johannes Kepler looked for patterns in everything. Peering at astronomical tables describing the looped motions of Mars projected on the sky, he discovered three laws that govern the orbits of the planets. Kepler described how planets follow elliptical orbits and how more distant planets orbit more slowly around the Sun. As well as transforming astronomy, Kepler’s laws laid the foundations for Newton’s law of gravity.


As the planets move around the Sun, the closest ones move more quickly around it than those further away. Mercury circles the Sun in just 80 Earth days. If Jupiter travelled at the same speed it would take about 3.5 Earth years to complete an orbit when, in fact, it takes 12. As all the planets sweep past each other, when viewed from the Earth some appear to backtrack as the Earth moves forwards past them. In Kepler’s time these ‘retrograde’ motions were a major puzzle. It was solving this puzzle that gave Kepler the insight to develop his three laws of planetary motion.


Patterns of polygons The German mathematician Johannes Kepler sought patterns in nature. He lived in the late 16th and early 17th centuries, a time when astrology was taken very seriously and astronomy as a physical science was still in its infancy. Religious and spiritual ideas were just as important in revealing nature’s laws as observation. A mystic who believed that the underlying structure of the universe was built from perfect geometric forms, Kepler devoted his life to trying to tease out the patterns of imagined perfect polygons hidden in nature’s works.









JOHANNES KEPLER 1571–1630



Johannes Kepler liked astronomy from an early age, recording in his diary a comet and a lunar eclipse before he was ten. While teaching at Graz, Kepler developed a theory of cosmology that was published in the Mysterium Cosmographicum (The Sacred Mystery of the Cosmos). He later assisted astronomer Tycho Brahe at his observatory outside Prague, inheriting his position as Imperial Mathematician in 1601. There Kepler prepared horoscopes for the emperor and analysed Tycho’s astronomical tables, publishing his theories of noncircular orbits, and the first and second laws of planetary motion, in Astronomia Nova (New Astronomy). In 1620, Kepler’s mother, a herbal healer, was imprisoned as a witch and only released through Kepler’s legal efforts. However, he managed to continue his work and the third law of planetary motion was published in Harmonices Mundi (Harmony of the Worlds).









Kepler’s work came a century after Polish astronomer Nicolaus Copernicus proposed that the Sun lies at the centre of the universe and the Earth orbits the Sun, rather than the other way around. Before then, going back to the Greek philosopher Ptolemy, it was believed that the Sun and stars orbited the Earth, carried on solid crystal spheres. Copernicus dared not publish his radical idea during his lifetime, leaving it to his colleague to do so just before he died, for fear that it would clash with the doctrine of the church. Nevertheless Copernicus caused a stir by suggesting that the Earth was not the centre of the universe, implying that humans were not the most important beings in it, as favoured by an anthropocentric god.


Kepler adopted Copernicus’s heliocentric idea, but nevertheless still believed that the planets orbited the Sun in circular orbits. He envisaged a system in which the planets’ orbits lay within a series of nested spheres spaced according to mathematical ratios that were derived from the sizes of three-dimensional shapes that would fit within them. So he imagined a series of polygons with increasing numbers of sides that fit within the spheres. The idea that nature’s laws followed basic geometric ratios had originated with the Ancient Greeks.


‘We are just an advanced breed of monkeys on a minor planet of a very average star. But we can understand the universe. That makes us something very special.’
Stephen Hawking, 1989


The word planet comes from the Greek for ‘wanderer’. Because the other planets in our solar system lie much closer to the Earth than the distant stars, they appear to wander across the sky. Night after night they pick out a path through the stars. Every now and again, however, their path reverses and they make a little backwards loop. These retrograde motions were thought to be bad omens. In the Ptolemaic model of planetary motion this behaviour was impossible to understand, and so astronomers added ‘epicycles’ or extra loops to the orbit of a planet that mimicked this motion. But the epicycles did not work very well. Copernicus’s Sun-centred universe needed fewer epicycles than the older Earth-centred one, but still could not explain the fine details.


Trying to model the orbits of the planets to support his geometric ideas, Kepler used the most accurate data available, intricate tables of the planets’ motions on the sky, painstakingly prepared by Tycho Brahe. In these columns of numbers Kepler saw patterns that suggested his three laws.


Kepler got his breakthrough by disentangling the retrograde motions of Mars. He recognized that the backward loops would fit if the planets’ orbits were elliptical around the Sun and not circular as had been thought. Ironically this meant that nature did not follow perfect shapes. Kepler must have been overjoyed at his success in fitting the orbits, but also shocked that his entire philosophy of pure geometry had been proved wrong.


Orbits In Kepler’s first law, he noted that the planets move in elliptical orbits with the Sun at one of the two foci of the ellipse. Kepler’s second law describes how quickly a planet moves around its orbit. As the planet moves along its path, it sweeps out an equal area segment in an equal time. The segment is measured using the angle drawn between the Sun and the planet’s two positions (AB or CD), like a slice of pie. Because the orbits are elliptical, when the planet is close to the Sun it needs to cover a larger distance to sweep out the same area than when it is further away. So the planet moves faster near the Sun than when it is distant. Kepler’s second law ties its speed with its distance from the Sun. Although Kepler didn’t realize it at the time, this behaviour is ultimately due to gravity accelerating the planet faster when it is near the Sun’s mass.


[image: ]


Kepler’s third law goes one step further again and tells us how the orbital periods scale up for different sized ellipses at a range of distances from the Sun. It states that the squares of the orbital periods are inversely proportional to the cube power of the longest axis of the elliptical orbit. The larger the elliptical orbit, the slower the period, or time taken to complete an orbit. A planet in orbit twice as far away from the Sun as the Earth would take eight times longer to go around. So planets further from the Sun orbit more slowly than nearby planets. Mars takes nearly 2 Earth years to go around the Sun, Saturn 29 years and Neptune 165 years.


In these three laws, Kepler managed to describe all the planets’ orbits in our solar system. His laws apply equally to any body in orbit around another, from comets, asteroids and moons in our solar system to planets around other stars and even artificial satellites whizzing around the Earth. Kepler succeeded in unifying the principles into geometric laws but he did not know why these laws held. He believed that they arose from the underlying geometric patterns of nature. It took Newton to unify these laws into a universal theory of gravity.








Kepler’s laws


First law planetary orbits are elliptical with the Sun at one focus


Second law a planet sweeps out equal areas in equal times as it orbits the Sun


Third law the orbital periods scale with ellipse size, such that the period squared is proportional to the semi-major axis length cubed









the condensed idea


Law of the worlds






	timeline






	c.580BC


	Pythagoras states planets orbit in perfect crystalline spheres






	c.AD150

	Ptolemy records retrograde motion and suggests planets move in epicycles






	1543

	Copernicus proposes planets orbit the Sun






	1576

	Tycho Brahe maps the planets’ positions






	1609

	Kepler discovers that planets move in elliptical orbits






	1687

	Newton explains Kepler’s laws with his law of gravitation










04 Newton’s law of gravitation


Isaac Newton made a giant leap when he connected the motions of cannonballs and fruit falling from trees to the movements of the planets, thus linking heaven and earth. His law of gravitation remains one of the most powerful ideas of physics, explaining much of the physical behaviour of our world. Newton argued that all bodies attract each other through the force of gravity and the strength of that force drops off with distance squared.


The idea of gravity supposedly came to Isaac Newton when he saw an apple fall from a tree. We don’t know if this is true or not, but Newton stretched his imagination from earthly to heavenly motions to work out his law of gravitation.


‘Gravity is a habit that is hard to shake off.’
Terry Pratchett, 1992


Newton perceived that objects were attracted to the ground by some accelerating force (see Chapter 2). If apples fall from trees, what if the tree were even higher? What if it reached to the Moon? Why doesn’t the Moon fall to the Earth like an apple?


All fall down Newton’s answer lay first in his laws of motion linking forces, mass and acceleration. A ball blasted from a cannon travels a certain distance before falling to the ground. What if it were fired more quickly? Then it would travel further. If it was fired so fast that it travelled far enough in a straight line that the Earth curved away beneath it, where would it fall? Newton realized that it would be pulled towards Earth but would then follow a circular orbit. Just like a satellite constantly being pulled but never reaching the ground.


When Olympic hammer-throwers spin on their heels, it is the pull on the string that keeps the hammer rotating. Without this pull the hammer would fly off in a straight line, just as it does on its release. It’s just the same with Newton’s cannonball – without the centrally directed force tying the projectile to Earth, it would fly off into space. Thinking further, Newton reasoned that the Moon also hangs in the sky because it is held by the invisible tie of gravity. Without gravity it too would fly off into space.


[image: ]


Inverse square law Newton then tried to quantify his predictions. After exchanging letters with Robert Hooke, Newton showed that gravity follows an inverse square law – the strength of gravity decreases by the square of the distance from a body. So if you travel twice some distance from a body its gravity is four times less; the gravity exerted by the Sun would be four times less for a planet in an orbit twice as far from it as the Earth, or a planet three times distant would experience gravity nine times less.


Newton’s inverse square law of gravity explained in one equation the orbits of all the planets as described in the three laws of Johannes Kepler (see Chapter 3). Newton’s law predicted that they travelled quicker near the Sun as they followed their elliptical paths. A planet feels a stronger gravitational force from the Sun when it travels close to it, which makes it speed up. As its speed increases the planet is thrown away from the Sun again, gradually slowing back down. Thus, Newton pulled together all the earlier work into one profound theory.


‘Every object in the universe attracts every other object along a line of the centres of the objects, proportional to each object’s mass, and inversely proportional to the square of the distance between the objects.’
Isaac Newton, 1687


Universal law Generalizing boldly, Newton then proposed that his theory of gravity applied to everything in the universe. Any body exerts a gravitational force in proportion to its mass, and that force falls off as the inverse square of distance from it. So any two bodies attract each other. But because gravity is a weak force we only really observe this for very massive bodies, such as the Sun, Earth and planets.


If we look closer, though, it is possible to see tiny variations in the local strength of gravity on the surface of the Earth. Because massive mountains and rocks of differing density can raise or reduce the strength of gravity near them, it is possible to use a gravity meter to map out geographic terrains and to learn about the structure of the Earth’s crust. Archaeologists also sometimes use tiny gravity changes to spot buried settlements. Recently, scientists have used gravity-measuring space satellites to record the (decreasing) amount of ice covering the Earth’s poles and also to detect changes in the Earth’s crust following large earthquakes.









Tides


Newton described the formation of ocean tides on the Earth in his book the Principia. Tides occur because the Moon pulls differently on oceans on the near and far sides of the Earth, compared with the solid Earth itself. The different gravitational pull on opposite sides of the Earth causes the surface water to bulge both towards and away from the Moon, leading to tides that rise and fall every 12 hours. Although the more massive Sun exerts a stronger gravitational force on the Earth than the smaller Moon, the Moon has a stronger tidal effect because it it closer to the Earth. The inverse square law means that the gravitational gradient (the difference felt by the near and far sides of the Earth) is much greater for the closer Moon than the distant Sun. During a full or new Moon, the Earth, Sun and Moon are all aligned and especially high tides result, called ‘spring’ tides. When these bodies are misaligned, at 90 degrees to one another, weak tides result called ‘neap’ tides.









On the surface of the Earth the acceleration due to gravity, g, is 9.8 metres per second per second.


Back in the 17th century, Newton poured all his ideas on gravitation into one book, Philosophiae naturalis principia mathematica, known as the Principia. Published in 1687, the Principia is still revered as a scientific milestone. Newton’s universal gravity explained the motions not only of planets and moons but also of projectiles, pendulums and apples. He explained the orbits of comets, the formation of tides and the wobbling of the Earth’s axis. This work cemented Newton’s reputation as one of the great scientists of all time.


Newton’s universal law of gravitation has stood for hundreds of years and still today gives a basic description of the motion of bodies. However, science does not stand still, and 20th-century scientists built upon its foundations, notably Einstein with his theory of general relativity. Newtonian gravity still works well for most objects we see and for the behaviour of planets, comets and asteroids in the solar system that are spread over large distances from the Sun where gravity is relatively weak. Although Newton’s law of gravitation was powerful enough to predict the position of the planet Neptune, discovered in 1846 at the expected location beyond Uranus, it was the orbit of another planet, Mercury, that required physics beyond that of Newton. Thus general relativity is needed to explain situations where gravity is very strong, such as close to the Sun, stars and black holes.








The discovery of Neptune


The planet Neptune was discovered thanks to Newton’s law of gravitation. In the early 19th century, astronomers noticed that Uranus did not follow a simple orbit but acted as though another body was disturbing it. Various predictions were made based on Newton’s law and in 1846 the new planet, named Neptune after the sea god, was discovered close to the expected position. British and French astronomers disagreed over who had made the discovery, which is credited to both John Couch Adams and Urbain Le Verrier. Neptune has a mass 17 times that of the Earth and is a ‘gas giant’ with a thick dense atmosphere of hydrogen, helium, ammonia and methane smothering a solid core. The blue colour of Neptune’s clouds is due to methane. Its winds are the strongest in the solar system, reaching as much as 2500 kilometres per hour.









the condensed idea


Mass attraction






	timeline






	350BC


	Aristotle discusses why objects fall






	
AD1609

	Kepler reveals the laws of planetary orbits






	1640

	Galileo states the principle of inertia






	1687

	Newton’s Principia is published






	1905

	Einstein publishes the special theory of relativity






	1915

	Einstein publishes the general theory of relativity










05 Conservation of energy


Energy is an animating force that makes things move or change. It comes in many guises and may manifest itself as a change in height or speed, travelling electromagnetic waves or the vibrations of atoms that cause heat. Although energy can metamorphose between these types, the overall amount of energy is always conserved. More cannot be created and it can never be destroyed.


We are all familiar with energy as a basic drive. If we are tired, we lack it; if we are leaping around with joy, we possess it. But what is energy? The energy that fires up our bodies comes from combusting chemicals, changing molecules from one type into another with energy being released in the process. But what types of energy cause a skier to speed down a slope or a light bulb to shine? Are they really the same thing?


Coming in so many different guises, energy is difficult to define. Even now, physicists do not know intrinsically what it is, even though they are expert at describing what it does and how to handle it. Energy is a property of matter and space, a sort of fuel or encapsulated drive with the potential to create, to move or to change. Philosophers of nature going back to the Greeks had a vague notion of energy as a force or essence that gives life to objects, and this idea has stuck with us through the ages.


Energy exchange It was Galileo who first spotted that energy might be transformed from one type to another. Watching a pendulum swinging back and forth, he saw that the bob exchanges height for forward motion, and vice versa as the speed then brings the pendulum back up again before it falls and repeats the cycle. The pendulum bob has no sideways velocity when it is at either peak of its swing, and moves most quickly as it passes through the lowest point.


[image: ]


Galileo reasoned that there are two forms of energy being swapped by the swinging bob. One is gravitational potential energy, which may raise a body above the Earth in opposition to gravity. Gravitational energy needs to be added to lift a mass higher, and is released when it falls. If you have ever cycled up a steep hill you will know it takes a lot of energy to combat gravity. The other type of energy in the bob is kinetic energy – the energy of motion that accompanies speed. So the pendulum converts gravitational potential energy into kinetic energy and vice versa. A canny cyclist uses exactly the same mechanism. Riding down a steep hill, she could pick up speed and race to the bottom even without pedalling, and may use that speed to climb some of the way up the next hill.


Likewise, the simple conversion of potential into kinetic energy can be harnessed to power our homes. Hydroelectric schemes and tidal barrages release water from a height, using its speed to drive turbines and generate electricity.








Energy formulae


Gravitational potential energy (PE) is written algebraically as PE = mgh, or mass (m) times gravitational acceleration (g) times height (h). This is equivalent to force (F = ma from Newton’s second law) times distance. So a force is imparting energy.


Kinetic energy (KE) is given by KE = ½ mv2 so the amount of energy scales with the square of velocity (v). This also comes from working out the average force times the distance moved.









Many faces of energy Energy manifests as many different types that can be held temporarily in different ways. A compressed spring can store within it elastic energy that can be released on demand. Heat energy increases the vibrations of atoms and molecules in the hot material. So a metal pan on a cooker heats up because the atoms within it are being made to wobble faster by the input of energy. Energy can also be transmitted as electric and magnetic waves, such as light or radio waves, and stored chemical energy may be released by chemical reactions, as happens in our own digestive systems.
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