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Introduction



There’s an old classroom joke that neatly defines the three major school sciences thus: ‘If it wriggles, it’s biology. If it smells, it’s chemistry. And if it doesn’t work, it’s physics.’ And sadly, while physics is on the receiving end of this particular punch line, those definitions will probably ring a bell with a lot of people. I certainly served my classroom time fudging the results of experiments to measure acceleration due to gravity or demonstrate Boyle’s law.


But the classroom experience does physics a disservice – in reality it is perhaps the oldest and certainly the deepest of all the sciences, revealing fundamental truths about the way in which the Universe operates. Although it has taken centuries for us to realize it, physical principles underpin many of the other sciences and all of modern technology. Some would even argue that astronomy, chemistry, and even molecular biology are, in essence, ‘applied physics’.


As a science, physics can be both beguilingly simple and bewilderingly complex. The simple equation of motion and laws of electricity and magnetism we learn (and all too soon forget) in the classroom are the same ones that are ultimately applied to building awesomely sophisticated machines such as the Large Hadron Collider, while the alluring handful of fundamental particles that seem to explain the nature of matter itself have properties that can only be explained by theories calling for half a dozen or more additional, unseen dimensions. Even a ‘thought experiment’ as simple as putting a cat in a box with some knock-out gas turns out to have far-reaching implications for the nature of reality itself.


This book takes you on a journey through the whole of physics, from vaguely remembered classroom experiments to the cutting edge where science blurs into philosophy. With 200 topics and an avowed intent to avoid daunting equations wherever possible, we can barely scratch the surface, but by the time you reach the end, I hope you’ll find your memories stirred and your thoughts provoked. Above all else, I hope you’ll be convinced that, contrary to that old joke, physics works.





Classical mechanics



Mechanics is the field of physics that concerns itself with the behaviour of objects in motion or subject to forces. With origins dating back to ancient Greece, it is the oldest area of physics, and is referred to as ‘classical’ because it involves laws that were understood long before the twin 20th-century scientific breakthroughs of quantum theory and relativity. These laws can still be applied to explain most common phenomena in the Universe that occur from the scale of atoms and molecules upwards. It’s only in extreme situations involving high speeds, strong gravitational fields or very small scales that the more recent breakthroughs offer a more accurate description of what’s really going on.


Classical mechanics describes aspects of the Universe that range from simple machines to the orbits of planets, and the properties of solids, liquids and gases from the atomic level up to everyday or ‘macroscopic’ scales.


Underlying all these different phenomena is an elegantly simple model of colliding bodies, and simple laws that govern their interaction and behaviour. The techniques of classical mechanics allow us to calculate the gain, loss and transfer of energy between particles, and predict their behaviour in a variety of situations.


The most important of these laws are Newton’s laws of motion and gravitation, described by the English physicist Sir Isaac Newton in his 1687 book on the Principles of Natural Philosophy (best known from its Latin title as simply The Principia). Newton’s laws describe the motion of objects under the influence of forces (see Newton’s laws of motion), and the strength of attractive gravitational forces between large masses (see Newtonian gravity). As such, they provide a complete description of many natural phenomena that only breaks down in extreme conditions – on the submicroscopic scales of quantum physics or in the situations of extreme speed or gravity described by relativity. Indeed, Newton’s laws do such a good job of describing the everyday world around us that Newtonian physics is often used as a synonym for the entire field of classical mechanics.






Speed, velocity and acceleration



The concepts of speed, velocity and acceleration are vital to describing the motion of all bodies in mechanics. Speed and velocity are commonly treated as if they are interchangeable, but strictly speaking, speed is a measure of a body’s rate of motion in any direction, while velocity is a measure of motion in a specific direction. Both can be measured in the same units (such as metres per second), but speed is a directionless or ‘scalar’ quantity, while velocity is a directed or ‘vector’ quantity. In most situations, it’s far more useful to know an object’s velocity than its speed.


Acceleration is another vector quantity – it measures the rate of change in an object’s velocity (in units such as metres per second per second, often written m/s2). Acceleration occurs only when an external force is applied to the object, and depending on the direction of that force, can result in a reduction in its velocity (sometimes termed deceleration) or a change in direction as well as magnitude of its velocity.
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When a car accelerates at a constant rate (a), its velocity (v) increases steadily, while the total distance travelled (x) increases exponentially.









Mass, inertia and weight
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The related quantities of mass, inertia and weight describe an object’s innate susceptibility to external forces of acceleration. Mass and weight are often (and incorrectly) used interchangeably – an object’s mass is directly related to the amount of material it contains, and only changes if material is added or removed (or in extreme situations described by Einstein – see Mass-energy equivalence). Inertia is an object’s tendency to resist any change in its motion – it is directly proportional to the mass an object contains, and is not usually measured separately, despite being an important concept in Newtonian physics.


Weight, meanwhile, is a measure of the force experienced by a given mass within a gravitational field. Since it is a force, it is properly measured in units called newtons, where 1 newton is the force required to accelerate a 1-kilogram (2.2-lb) mass at a rate of 1 metre per second per second (40 in/s2). Since the acceleration at Earth’s surface due to gravity is 9.81 m/s2 (32.2 ft/s2) the weight of a 1-kilogram mass is 9.81 newtons.






Friction



In almost any real-world mechanical ‘system’, moving objects experience a force of drag that tends to slow them down, while static objects experience a force that tends to prevent motion. These forces, created by interaction with an object’s surroundings, are collectively known as friction. Depending on the nature of the system, friction can take various forms. Dry friction occurs between solid surfaces, and may be either kinetic (if the surfaces are in motion) or static. Fluid friction occurs between layers in a liquid or gas, while internal friction resists forces attempting to deform solid bodies.


Three essential laws govern dry friction: Amontons’ firstlaw states that frictional force is proportional to the applied load (the proportion of the object’s weight pressing down on the surface), while his second law states that it is independent of the areas in contact. Coulomb’s law of friction, meanwhile, states that kinetic friction is also independent of the ‘sliding velocity’ between two surfaces.
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The amount of dry friction experienced by an object sitting on a surface can be defined by a coefficient of friction, μ, that depends on the nature of both materials involved.









Momentum
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An object’s momentum is a property that may be best described as its ‘mass in motion’ – it is calculated by multiplying a body’s mass by its velocity, and is measured in units such as ‘kilogram metres per second’ (kg m/s). Because it is derived from velocity rather than simply speed, momentum is a vector quantity, with a direction as well as a magnitude. In addition to this linear momentum, a rotating body may also have angular momentum (see Angular momentum).


Linear momentum changes due to the application of a force: the change in momentum is proportional to the change in velocity (so accelerating an object to twice its original velocity also doubles its momentum). Importantly, momentum is a ‘conserved’ quantity – in a closed system of colliding bodies subject to no external forces, the total momentum always remains the same. Collisions between pool balls on a table or beads suspended in a ‘Newton’s Cradle’ offer clear demonstrations of this principle at work.






Work, energy and power



Three fundamental concepts can help to understand the behaviour of mechanical systems. In physical terms, work is the application of force to a body possessing mass, which then moves – a force is said to ‘do work’ when it moves an object in a particular direction. It is calculated by the simple formula


W = f × d


where f is the force applied to the object and d the distance moved. Force is measured in newton metres or joules. For example, when a force of 10 newtons is applied to move a body for 12 metres, 120 joules of work has been done.


Energy is a slightly more nebulous but even more important concept – it can be described as the capacity for doing work, inherent to an object or physical system. Energy, like work, is measured in joules, and it can neither be created nor destroyed, but is always conserved throughout a given system (on scales up to and including the Universe as a whole). However, energy can take multiple forms, from relatively ‘useful’ ones such as kinetic and potential energy (see Kinetic and potential energy) to more diffuse and inaccessible forms such as ambient heat and sound.


In this way, a system can lose the capacity to do useful work over time, which is why, for example, a rubber ball does not keep bouncing forever. An entire field of physics, known as thermodynamics, is dedictated to understanding and modelling these concepts (see Thermodynamics).


Finally, power is simply the rate at which work is done or energy is used. It is measured in watts, where 1 watt is equivalent to 1 joule of work done (or energy expended) per second. To extend the previous example, if a force of 10 newtons takes 5 seconds to move an object over a distance of 12 metres, the power expended to do the work is 120/5 = 24 watts.






Kinetic and potential energy



An object’s kinetic energy is the energy it possesses due to its motion, and can be calculated from the amount of work required to accelerate the body from rest to its current speed (see Work, energy and power). While this can be calculated from first principles for any object, in classical situations where relativity is not a factor, it is easier to use the simple formula K.E. = ½ mv2, where m is the object’s mass and v its velocity.


Potential energy is the energy an object has thanks to its position in a system – equivalent to its capacity to do work. Its most familiar form is gravitational potential energy, calculated by the formula P.E. = mgh, where h is the object’s height and g the force of gravity (equivalent to 9.81 newtons per kilogram).


Other forms of potential energy include elastic, electrical, chemical and magnetic, and like all forms of energy, they can be exchanged from one form to another. In fact, all physical processes can ultimately be defined as transfers of energy.
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Elastic and inelastic collisions



Physicists recognize two distinct categories of collision between objects. An elastic collision is one in which both the momentum and the kinetic energy (K.E.) of a system are conserved (in other words, a measure of these quantities after the collision will produce the same result as a measurement before the collision). An inelastic collision, in contrast, conserves momentum, but not K.E. However, the overall energy of a closed system is always conserved, so any change in K.E. must be accompanied by a transfer of energy to or from other forms.


Most collisions are inelastic: for example, when two pool balls collide, some K.E. is transformed into heat (vibrations of the atoms within the balls) and sound. In fact, the only truly elastic collisions are those between atoms themselves, but fortunately in practice many systems can be treated as elastic – either because the change in K.E. is negligible, or because losses and gains in K.E. can be balanced statistically (see Kinetic theory of gases).


In elastic collisions, both momentum and kinetic energy are conserved:
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Here, the kinetic energy is transferred completely to the second mass. The overall momentum in the system remains mv throughout, while the K.E. remains ½ mv2.





In an inelastic collision, momentum is conserved, but kinetic energy is not:
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Here, the two masses stick together. In order to preserve an overall momentum of mv, their combined velocity must now be v/2, so the K.E. of the system is halved.









Newton’s laws of motion



In his 1867 Principia, Isaac Newton laid down three laws of motion that are usually given in the following form:


1) An object will continue in uniform motion (or remain at rest) unless acted upon by an external force.


2) An object’s acceleration (a) is in the direction of, and directly proportional to the sum of the forces (F) acting on it, and inversely proportional to its mass (m). This can be written down in the equation a = F/m (often recast in the form F = ma).


3) The force generated by one body on another is balanced by an equal and opposite force exerted by the second body on the first: ‘every action has an equal and opposite reaction’.


These laws explain the mechanical behaviour of both microscopic and macroscopic (large-scale) systems, and form the theoretical bedrock of classical physics.
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1 Force F applied by finger onto marble of mass m


2 Acceleration of marble a = F/m


3 Reaction force (pressure) F from marble to finger









Equations and graphs of motion



A variety of mathematical equations can be used to describe the properties of bodies in motion, but perhaps the most familiar and useful are five that apply to situations involving constant acceleration. Sometimes called the SUVAT equations, they link the variables s (displacement or distance travelled), u (initial velocity), v (final velocity), a (acceleration) and t (time). The equations can be briefly stated as follows:
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Another way of looking at the situations involving constant acceleration is to draw a graph comparing velocity and time, as shown opposite. The SUVAT equations and the geometry of the graph both reveal the same relationships.
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Orbits



An orbit is the path that one body follows around another under the influence of an attractive force between the two. According to Newton’s first law of motion, objects should continue in straight-line motion unless subject to an external force, so it’s the role of the attractive force to pull one body into a looping path or orbit. At any point in space, the motion of a body in orbit around another can be considered as two components – a radial element along the straight line between the bodies, and a lateral element at right angles to it, pointing ‘along’ the orbit. Stable orbits arise where the attractive force pulling on the orbiting body exactly balances the radial component of its motion, resulting in only lateral motion. The precise direction of the lateral motion is different at each point in space, resulting in a curving path.


Although the simplest orbit is a perfect circle, Kepler’s laws (see Kepler’s laws of planetary motion) show how closed orbits actually follow stretched or elliptical paths, of which the circle is a special case.


[image: ]






Kepler’s laws of planetary motion



In 1609, German mathematician Johannes Kepler published a new description of the cosmos. His careful analysis of planetary motions led him to realize that their orbits around the Sun obey three simple laws:


1) Each planet’s orbit is an ellipse with the Sun at one focus.


2) A line between planet and Sun sweeps out equal areas in equal time (so planets move faster when closer to the Sun).


3) The square of each planet’s orbital period is proportional to the cube of its semi-major axis.


The idea that the planets orbit the Sun had been gaining in popularity since Nicolaus Copernicus published his work on the subject in 1543, but astronomers were still wedded to the philosophical ‘perfection’ of circular orbits. By breaking free of this concept, Kepler revealed the true motion of bodies under the influence of gravity – pointing the way for Newton’s more generalized laws of motion and gravitation.




Orbit sweeps out equal areas in equal times Δt
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Newtonian gravity



Gravitation – the force that attracts bodies with mass towards each other – is a central concept for all of physics, and is particularly essential to mechanics. In 1589, Italian scientist Galileo Galilei showed that Earth’s gravity affects objects in the same way regardless of their mass – if factors such as air resistance can be removed, all objects experience the same force pulling them towards the ground.


A century later, the sight of a falling apple supposedly inspired Isaac Newton to a great conceptual leap: what if the force drawing the apple towards the ground was universal, and the same force that keeps the Moon in orbit around the Earth? Building on Kepler’s laws of planetary motion (see Kepler’s laws of planetary motion), Newton was able to develop his own generalized laws of motion, and then a law of universal gravitation. This states that the attractive force between two objects is proportional to the product of their masses multiplied together, and inversely proportional to the square of the distance between them.
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1 Acceleration due to gravity = 9.8 m/s (32.2 ft/s) per second


2 Force of gravity on a 1 kg (2.2 lb) object = 9.8 newtons









Angular momentum



In contrast to the linear momentum of objects with mass moving in straight lines, angular momentum (L) is exhibited by rotating objects. It is a vector quantity with both magnitude and direction, and is always measured relative to a particular axis, the system’s axis of rotation. It can be calculated using the equation L = Iω, where I is the body’s ‘moment of inertia’, a measure of its resistance to rotation, while ω is its angular velocity (revolutions per unit time), the speed with which its angular direction changes relative to the system’s axis.


Just like linear momentum, angular momentum is conserved in a closed system unless an external rotational force, known as a torque, is applied. Conservation of angular momentum helps explain many natural phenomena, from the way in which a pirouetting ice skater spins faster by drawing his or her arms inwards, to the way that stars and planets begin to rotate more rapidly as they form out of whirling clouds of gas and dust.




Angular momentum L = I ω
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Centripetal and centrifugal forces



A centripetal force is any force that makes a body follow a curved path – it always acts at right angles to the object’s motion, towards a point known as the instantaneous centre of curvature. The force may be provided by gravity (as in the case of an orbit), or by tension along a cord or bar, for example, when an object such as a ball is whirled around an athlete’s head. The forces involved can be calculated from the equation F = ma = mv2/r, where m is the object’s mass, a is the accelerating force, v is the velocity along a tangent at any particular instant and r is the radius of the curve. It can also be expressed as F = mrω2, where ω is the object’s angular velocity.


In these types of situation, ‘centrifugal force’ is an apparent force that pushes or pulls a body away from the centre of rotation. It may be a real force produced in reaction to the centripetal force, or an entirely illusory or ‘fictitious’ force (see Coriolis effect) resulting from a change of reference frames.
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1 Inward force of tension between ball and athlete


2 Curved path of ball around athlete


3 Fictitious ‘centrifugal’ force is caused by the ball’s tendency to keep going in a straight line









Coriolis effect



The Coriolis effect is most familiar from its effect on the rotation of Earth’s water and weather systems, but it is in fact a more general effect that neatly demonstrates how ‘fictitious forces’, such as centrifugal force, can arise. The effect is an apparent deflection to the motion of an object moving in a straight line when it is viewed from within the same rotating ‘frame of reference’. If the frame of reference is spinning clockwise, the deflection is to the left, while if it is anticlockwise, the deflection is to the right.


Earth’s relatively slow rotation means that the Coriolis effect only makes itself noticeable over relatively large distances and long periods of time – contrary to popular folklore, it could only affect water draining down a plughole in ideal circumstances. Larger masses of air or water subject to no other forces are driven to form ‘inertial circles’ whose radius increases closer to the equator, and which rotate clockwise in the northern hemisphere and counterclockwise south of the equator.
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Driven by Earth’s rotation, the Coriolis effect deflects paths to the right in the northern hemisphere (where the frame of reference is spinning anticlockwise).





In the southern hemisphere, Earth’s rotation is perceived as ‘clockwise’, and Coriolis deflections are to the left.






Simple machines



In mechanical terms, a simple machine is a device that offers some sort of ‘mechanical advantage’ – usually, this means a system that offers a way of reducing the force that must be applied to move a particular object. Simple machines take advantage of the fact that work done in moving an object is given by multiplying the force by the distance moved (see Work, energy and power). Therefore it’s possible to do the same amount of work by, for example, applying half the force over twice the distance.


The lever demonstrates this most clearly – when the fixed pivot-point or fulcrum is located one-third of the way along its length, so that the point at which the force is to be applied is twice as far from the fulcrum as the object to be lifted, it allows half the force applied over twice the distance to do the same work. Other simple machines include the inclined plane, the wedge, the wheel and axis, the pulley and the screw – all of which reduce the force applied to do a job, in exchange for extending the time or distance over which the force is required.
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In a simple lever, locating the fulcrum closer to the load allows it to be lifted with a smaller effort applied over a greater distance.









Deformation



In physical terms, deformation is a change in the shape of a solid object, due to either the application of a force or the heating of the object. Deformation under stretching forces is perhaps the most familiar form of the phenomenon – thanks to their internal atomic or molecular structures, solid materials resist forces of compression quite well (although they may still deform when subjected to twisting or shearing forces). Physicists distinguish between situations where deformation permanently alters a material’s shape (plastic deformation) and cases where an object can recover its original form once the deforming force is removed (elastic deformation). Excess strain will cause an object to ‘fail’ or break.


Hooke’s law states that, for elastic deformation, the extent of deformation X (for example, in the stretching of a spring) is proportional to the deforming force F applied to it. In equation form: F ∝ X or F = kX, where k is a constant measuring the object’s resistance to deformation known as its stiffness.
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Elasticity, stress and strain



When an object is subjected to a deforming force, its response is governed by Hooke’s law (see Deformation) and a constant, known as its stiffness, that depends on both the material from which the object is made and its shape. Another constant, known as elasticity, allows us to assess the properties of the raw material itself. It is usually described by the simple equation λ = stress/strain, where λ is the elastic modulus (a measure of elasticity), stress is the force applied per unit area of the material (measured in pascals) and strain is the material’s change in length, divided by its original length, provided the material’s ‘elastic limit’ is not exceeded.


In fact, physicists and engineers use several elastic moduli to describe a material’s properties in different situations. Young’s modulus describes a material’s elasticity when subjected to forces along a single axis, shear modulus describes a material’s overall tendency to hold its shape, and bulk modulus describes its resistance to compression from all sides.
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Gas laws



The behaviour of gases is an important area where the laws of mechanics can be applied statistically to a huge number of particles (individual atoms or, more commonly, molecules containing two or more atoms) in a system. These techniques help explain the ‘gas laws’ discovered by experimental scientists between the 17th and 19th centuries. Each law describes the behaviour of a sealed system containing a fixed quantity of gas.


Boyle’s law states that within a closed system, the volume of a fixed mass of gas is inversely proportional to the pressure it exerts on its container, provided its temperature remains constant. In other words, if you compress a fixed amount of gas (reducing its volume, for example, with a piston), its pressure increases. In equation form, this can be written as P ∝ 1/V.
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