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Preface to Second Edition

Goals and objectives

Understanding Physics is written primarily for students who are taking their first course in physics at university level. While it is
anticipated that many readers will have some previous knowledge of physics or of general science, each topic is introduced from first
principles so that the text is suitable for students without any prior background in physics. The book has been written to support most
standard first-year undergraduate university physics courses (and often beyond the first year) and can serve as an introductory text for both
prospective physics majors and other students who will need to apply the principles and techniques of basic physics in subsequent courses.
A principal aim of this book is to give the reader the foundation required to proceed smoothly to intermediate level courses in physics and
engineering and to courses in the chemical, computer, materials and earth sciences, all of which require a sound knowledge of basic
physics

Students with some previous knowledge of physics will find that they are already familiar with many of the topics covered in the early
sections. These readers should note, however, that the treatment of these topics in Understanding Physics often differs from that given in
school textbooks and is designed to lay the foundations for the treatment of new and more advanced topics. As authors, one of our aims is to
integrate school physics more closely to that studied at university, encouraging students to appreciate the relevance of physics previously
studied and to integrate it with the material encountered at university. For these reasons we hope that students with previous knowledge of
physics will take the opportunity to refresh and deepen their understanding of topics which they may regard as familiar.

Some knowledge of simple algebra, geometry and trigonometry is assumed but differential and integral calculus, vector analysis and
other more advanced mathematical methods are introduced within the text as the need arises and are presented in the context of the
physical problems which they are used to analyse. Historically, many mathematical techniques were developed specifically to address
problems in physics and these can often be grasped more easily when applied to a relevant physical situation than when presented as an
otherwise abstract mathematical concept. These mathematical asides are indicated throughout the text by a grey background and it is
hoped that by studying these short sections, the reader will gain some insight into both the mathematical techniques involved and the
physics to which the techniques are applied.

The mathematical asides, together with Appendix A (Mathematical Rules and Formulas), however, cannot substitute for a formal
course in mathematical methods, rather they could be considered a mathematical ‘survival kit” for the study of introductory physics. It is
hoped that most readers will either have already taken or be studying an introductory mathematics course. In reality the total amount of
mathematics required is neither large nor particularly demanding.

Approach

It is no longer credible to describe the discoveries and developments made during the early years of the twentieth century as ‘modern
physics’. This is not to deny the radical and revolutionary nature of these developments but rather is a recognition that they have long since
become a part of mainstream physics. Quantum mechanics, relativity and our picture of matter at the subatomic level will surely form part
of the ‘classical’ tradition of twenty-first century physicists. On the other hand, the discoveries of the seventeenth, eighteen and nineteenth
centuries have lost none of their importance. The majority of everyday experiences of the material world can be understood in a fully
satisfactory manner in terms of classical physics. Indeed attempts to explain such phenomena in the language of twentieth century physics,
while possible in principle, tend to be unnecessarily complicated and often confusing.

In Understanding Physics, ‘modern’ (twentieth century) topics are introduced at an earlier stage than is usually found in introductory
textbooks and are integrated with the more ‘classical’ material from which they have evolved. Although many of the concepts which are
basic to twentieth century physics are relatively easy to represent mathematically, they are not as intuitive as those of classical physics,
particularly for students with an extensive previous acquaintance with ‘classical’ concepts. This book aims to encourage students to
develop an intuition for relativistic and quantum concepts at as early a stage as is practicable.

Understanding Physics has been kept to a compact format in order to emphasise, in a fully rigorous manner, the essential unity of
physics. At each stage new topics are carefully integrated with previous material. Throughout the text references are given to other sources
where more detailed discussions of particular topics or applications may be found. In order to avoid breaking the flow and unity of the
material within chapters, worked examples and problems are placed at the end of each chapter. Indications are given throughout the text as
to when a particular worked example might be studied or a particular problem attempted. The number of problems has been limited so that
a student might reasonably expect to attempt all problems in a given chapter; other sources of suitable problems are widely available, for
example in other textbooks and on the internet.

The internationally agreed system of units (SI) is now adopted almost universally in science and engineering and is used
uncompromisingly in this text. In addition, we have adhered rigorously to the recommendations of the International Union of Pure
and Applied Physics (IUPAP) on symbols and nomenclature (Cohen and Giacomo, 1987).
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The text takes a reflective approach towards the scientific method at all stages — that is, while learning the fundamentals of physics the
student should also become familiar with the scientific method. In keeping with the title of the text, emphasis is placed on understanding of
and insight into the material presented. The book therefore seeks not merely to describe the discoveries and the models of physics but also,
in the process, to familiarise readers with the skills and techniques which been have developed to analyse natural phenomena, skills and
techniques which they can look forward to applying themselves. This book does not seek to reveal and explain all the mysteries of the
physical universe but, instead, lays the foundations on which readers can build and (perhaps more importantly) encourages and equips
readers to explore further.

Structure

Chapter 1 starts with a short overview of the way in which physics today describes the material universe, from the very smallest building
blocks of matter up to large scale bulk materials. It is a remarkable fact that the same basic principles seem to apply over the full range of
distance scales — from subnuclear to intergalactic. The physical principles encountered in subsequent chapters are applied to systems on all
of these scales, as the need arises. The basic ideas of calculus are introduced in Chapter 2 in the context of the description of motion in one
dimension; readers with a good prior knowledge of this material may wish to skip this chapter, although such readers might find it
profitable to use the chapter to refresh their memories.

Chapters 3 to 7 introduce the main themes of classical dynamics. This is followed by an introduction to relative motion (Chapter 8)
which is an essential prerequisite to the study of the special theory of relativity (Chapter 9). Chapters 10 and 11, respectively, deal with the
mechanical and thermal behaviour of matter. A sound knowledge of wave motion (Chapter 12), a very important part of physics in its own
right, is essential for a proper understanding of quantum mechanics (Chapter 13). The five subsequent chapters (14 to 18) cover the main
aspects of classical electromagnetism and its application to wave and geometrical optics is covered in Chapter 19.

The final three chapters (20, 21 and 22) — on atomic physics, on electrons in solids and on nuclear and particle physics and astrophysics —
are a little more specialised and detailed than the others. Depending on the subjects which the reader plans to pursue subsequently,
significant amounts of all or some of these chapters might well be omitted.

Some chapters have a few sections which contain slightly more demanding analyses or less essential material than found in the rest of
the book. These sections, (for example Section 5.11 on planetary motion, elliptical orbits and Kepler’s laws) indicated by a blue
background, could be considered optional and may be omitted if appropriate.

Note on the second edition

Users of the first edition will notice a number of significant changes in the second edition. These have mostly arisen as a result of
suggestions for improvement made by instructors, students and of our own experience with the book. New sections have been included on
dissipative forces, forced oscillations, nonlinear dynamics and on electromagnetic waves at interfaces between media. A completely new
chapter (Chapter 19) on optics has been added, some of the material of which was covered less fully in Chapter 12 of the first edition. The
empbhasis on integration of the various topics into a view of physics as a unified whole has been increased; for example, the concept of flux
(and Gauss’ law) has been introduced at an earlier stage to enable it to be applied to gravitation.

Supplementary resources

The understanding physics website
An Understanding Physics website can be accessed on the internet at the following URL http://www.wiley.com/go/mansfield.

The website includes additional material, further problems and other teaching and learning resources provided on a section by section
basis. In particular, it provides links to suitable interactive exercises in the form of animations, simulations, tutorials, etc. and other
multimedia materials. All such resources have been selected for their suitability by the authors and have been evaluated for quality by
reputable international organisations such as the European Physical Society (EPS), MPTL (Multimedia in Physics Teaching and
Learning) or MERLOT (Multimedia Educational Resource for Learning and Online Teaching).

Students are encouraged to enhance their understanding and insight by using the website in parallel with studying the text.

A message for students

You should not expect to achieve an instant understanding of all topics studied. The learning process starts through an understanding of
concepts and then progresses.

New material may not be fully absorbed at first reading but only after more careful study. From our own personal experience, however,
we can assure you that persistence will be rewarded and that initially challenging material will be revealed as being both simple and
elegant.

We have deliberately not provided end-of-chapter summaries. We feel that it is an important part of the learning exercise that students
create such summaries for themselves. To assist this process, however, we have adopted a range of specific highlighting styles throughout
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the book (indicating fundamental principles/laws, equations of state, definitions, important relationships, etc.). A key to the more
important examples of the notations used is located inside the front cover.

Readers who are studying physics for the first time are starting on a great adventure; we hope that this book will help you to find the early
stages of the journey both exciting and rewarding. We also hope that it will prove to be a source of continuing support for your subsequent

studies.
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1

Understanding the physical universe

AIMS

m to show how matter can be described in terms of a series of models (mental pictures of the structures and workings of systems) of
increasing scale, starting with only a few basic building blocks

m to describe how, despite the great complexity of the material world, interactions between its building blocks can be reduced to no more
than four distinct interactions

m to describe how natural phenomena can be studied methodically through observation, measurement, analysis, hypothesis and testing

(the scientific method)

1.1 The programme of physics

Humans have always been curious about the environment in which they found themselves and, in particular, have sought explanations for
the way in which the world around them behaves. All civilisations have probably engaged in science in this sense but sadly not all have left
records of their endeavours. It would seem, however, that sophisticated scientific activity was carried out in ancient Babylonian and
Egyptian civilisations and, certainly, many oriental civilisations had expert astronomers — every appearance of Halley’s comet over a time
span of 1000 years was recorded by Chinese astronomers. Science as we know it today developed from the Renaissance in Europe which in
turn owed much to the rediscovery of the work of the great Greek philosopher/scientists such as Aristotle, Pythagoras and Archimedes,
work that had been further developed in the Islamic world between the seventh and sixteenth centuries.

Common to all scientific activity is the general observation that, in most respects, the physical world behaves in a regular and
predictable manner. All other things being equal, an archer knows that if he fires successive arrows with the same strength and in the same
direction they follow the same path to their target. Similar rules seem to govern the trajectories of stones, spears, discuses and other
projectiles. Regularities are also evident in phenomena involving light, heat, sound, electricity and magnetism (a magnetic compass would
not be much use if its orientation changed randomly!). The primary objective of physics is to discover whether or not basic ‘rules’ exist
and, if they do, to identify as exactly as possible what these ‘rules’ are. As we shall see, it turns out that most of the everyday behaviour
of the physical universe can be explained satisfactorily in terms of rather few simple ‘rules’. These basic ‘rules’ have come to be called
laws of nature, examples of which include the Galilean/Newtonian laws of motion (Sections 3.2, 3.3, 6.1), Newton’s law of gravitation
(Section 5.1) and the laws of electromagnetism associated with the names of Ampére (Section 16.5), Faraday (Section 17.1), Coulomb
(Section 15.5) and Maxwell (Section 18.1). In addition to these basic laws there are also ‘laws’ of a somewhat less fundamental nature
which are used to describe the general behaviour of specific systems. Examples of the latter include Hooke’s law for helical springs
(Section 3.5), Boyle’s (or Mariotte’s) law for the mechanical behaviour of gases (Section 10.10) and Ohm’s law for the conductivity of
metals (Section 14.4).

The objective in studying physics, therefore, is to investigate all aspects of the material world in an attempt to discover the fundamental
laws of nature and hence to understand and explain the full range of phenomena observed in the physical universe. This programme
must include a satisfactory explanation of the structure of matter in all its forms (e.g. solids, liquids, gases), which in turn requires an
understanding of the interactions between the basic building blocks from which all matter is constituted. How these interactions are
responsible for the mechanical, thermal, magnetic and electrical properties of matter must also be explained. Such explanations, once
discovered, can be applied to develop descriptions of phenomena ranging from the subatomic to the cosmic and to develop practical
applications for the benefit of, and use by, society.
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2 Understanding the physical universe

In the next three sections we review the language and images currently used by physicists to describe the structure of matter and the
fundamental interactions of nature.

1.2 The building blocks of matter

Fundamental particles

Our present view of the nature of matter is very different from that which prevailed even fifty years ago. All matter is currently viewed as
comprising various combinations of two classes of elementary particles — the basic building blocks — called, respectively, quarks
and leptons. We give below an introductory account of the terminology and models used in the quark/lepton description of matter. The
quark/lepton model will be discussed in more detail in Section 22.12.

Quarks and leptons occur in three distinct generations but only those in the first generation are involved in ordinary stable everyday
matter. The first generation comprises two quarks, the up quark (symbol u) and the down quark (d), and two leptons, the electron (e) and the
electron neutrino (Vv..). Matter comprising particles of the second and third generations is invariably unstable and is normally only formed
when particles collide at very high speeds, such as those prevailing at the beginning of the Universe or in experiments with particle
accelerators.

Leptons can exist as free isolated particles. Quarks, on the other hand, do not exist in isolation and are only observed grouped together,
usually in threes, to form the wide range of different particles which form ordinary matter or which are produced in high-speed collisions.

In this section we describe how quarks and leptons, the basic building blocks of matter, combine to form larger building blocks which,
in turn, combine to form even larger building blocks etc., as summarised in Table 1.1. Let us consider each stage in more detail, starting
with combinations of quarks.

Table 1.1. Building blocks of matter

Building block Scale/m
Quarks <1072
Particles ~1071°
Nuclei ~]0~14
Atoms ~ 07"
Molecules 10710 10"
Bulk matter >107°

Nuclei

The simplest combinations of first generation quarks which are observed are three-quark combinations called nucleons. As illustrated in
Figure 1.1 two different types of nucleon are observed, namely the proton (p), which comprises two u quarks and one d quark, and the
neutron (n), which comprises one u quark and two d quarks. The electric charge of the proton is +e (e is called the fundamental electric
charge), while that of the neutron is zero. While a proton is stable, a free neutron is not and decays radioactively to form a proton and two
leptons. Further three quark combinations, involving quarks from other generations, will be considered when we come to discuss
subnuclear particles in Section 22.11.

00

proton neutron deuteron {H

7
1

Figure 1.1. The quark and nucleon compositions of the proton (}p), neutron (}n) and deuteron (H).

The next simplest combination, also illustrated in Figure 1.1, comprises six quarks (uuuddd), equivalent to one p and one n. This
combination occurs in the nucleus of the deuterium atom (discussed below) and is called the deuteron. The electric charge of the deuteron,
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