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deMySTiFying PhySicS, A Science 
For liFe

Physics is an exciting field that has changed our under-
standing of the world we live in and has immense 
implications for our everyday lives. we believe physics 
should be seen as the creative process that it is, and we 
aim to help the reader feel their own thrill of discovery. 

to that end, Physics for Scientist and Engineers: An 
Interactive Approach, second edition, has taken a unique 
student-first development model. Fundamental topics are 
developed gradually, with great attention to the logical 
transition from the simple to the complex, and from the 
intuitive to the mathematical, all while highlighting the 
interdisciplinary nature of physics. this inquisitive and 
inspirational science is further supported with current 
events in Canada and beyond, and innovative pedagogy 
based on Physics Education Research (PER) such as 
Interactive Activities, Checkpoints, unique problem-solving 
strategies via open-ended problems, and ending Examples 
with “Making sense of the results.”

hoW We do iT

Student-First development Model

 ■ the vision for this text was to develop it from the 
student perspective, providing the background, 
logical development of concepts, and sufficient 
rigour and challenge necessary to help students 
excel. It provides a significant array of engaging 
examples and original problems with varying levels 
of complexity.

 ■ students who are the primary users of educational 
textbooks have not traditionally been involved in 
their development. In Physics for Scientists and 
Engineers: An Interactive Approach we engaged 
student advisory boards to evaluate the mate-
rial from a student perspective and to develop the 
Peer to Peer boxes, which provide useful tips for 
 navigating difficult concepts. 

 ■ one idea that spans a number of the PeR-informed 
instructional strategies is the value of student  
collaboration. It is clear that learning is deeper 
when students develop ideas in collaboration with 
peers and work together both in brainstorming 
approaches and in developing solutions. this 
text has been written to encourage collabora-
tive learning. For example, the open-ended prob-
lems and Interactive activities are ideally suited 

to a group approach. the conceptual problems 
in each chapter are well suited for use in studio-
style classrooms or in approaches that involve 
peer instruction strategies or interactive lectures. 
In some places, we have moved derivations from 
chapters to problems to encourage student dis-
covery of key relationships. the simulations and 
experiment suggestions will encourage students to 
engage with the material in a meaningful way. For 
example, in Chapter 3 students are asked to answer 
their own questions by using motion detectors on 
their own smartphones. and with so many Phet 
simulations now accessible by mobile devices, stu-
dents can extend their own investigations from the 
Interactive activities. 

 ■ one goal of any book is to inspire students to 
appreciate the beauty of the subject and even go on 
to contribute and become leaders in the field. For 
this to be achieved, students must see the relevance 
of the subject. the strong interdisciplinary focus 
throughout the book will help students achieve this 
goal. at the same time, it is also important that 
students can see themselves as future physicists. this 
is a broad-market calculus-based introductory 
physics text written by a Canadian author team, 
and we have used Canadian and international 
examples highlighting physics discoveries, applica-
tions, notable scientists past and present, as well as 
contributions from young Canadians.

 ■ students place high value on learning that will help 
them contribute to society. For example, service 
learning is more popular than ever before, and a high 
number of students set goals of medical or social 
development careers. also, there is strong public 
interest in such fundamental areas as particle physics, 
quantum mechanics, relativity, string theory, and cos-
mology. Revised and additional Making Connections 
boxes support the view of physics as a highly relevant, 
modern, and socially important field.

gradual development of Fundamental Topics

the following are some examples of how fundamental 
topics are developed in a way that mirrors how a stu-
dent’s own learning progresses, without overwhelming 
them up front. 

 ■ Motion: Chapters 3 and 4 have been reworked 
with an improved flow, logical structure, more 
diagrams, and consistent notation. Free body dia-
grams are now introduced in one dimension first 
(Chapter 5). Chapter 9 now develops angular 
momentum with an easy-to-grasp approach that 

Preface
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in Canada: we introduce the idea of  flux 
through closed surfaces by first considering how 
many electric field lines are “caught” in different 
situations. this semi-quantitative  treatment pre-
cedes the traditional mathematical treatment 
developed later in the chapter. 

 ■ Capacitance comes to life in Chapter 22 with 
 qualitative treatment in two Interactive activities, 
which reflects the approach of Phet simulations in 
general, and provides opportunity for both group 
and individual work—and further supported 
responses in the solutions manual. 

 ■ Electromagnetism: In Chapter 24, cross  products 
relate more strongly to their use in earlier 
 chapters; magnetic field calculations and interac-
tions between fields and charges have been more 
 thoroughly developed. 

 ■ while most texts cover the idea of historical 
interferometers, our treatment through the new 
Making Connection boxes in section 29-1 (lIGo) 
and section 30-10 (detecting Gravitational waves) 
is highly current and combines the basic idea of 
interferometers with the amazing technology 
allowing the precision of lIGo. we then provide 
quantitative treatment in the details of the first 
black hole coalescence detected by lIGo (and this 
is extended with a new problem at the end of the 
chapter). 

Physics education through an  
interdisciplinary lens

as the Canadian association of  Physicists division 
of  Physics education (CaP dPe) and others have 
pointed out, the work of  physicists—and the use of 
physics by other scientists, engineers, and professionals 
from related fields—is increasingly interdisciplinary. 
we aimed to promote the interdisciplinary nature of 
physics beyond simply having problem applications 
from various fields. Chapter content is presented with 
a rich interdisciplinary feel and stresses the need to 
use ideas from other sciences and related professions. 

the diverse backgrounds of the author team help 
create this rich interdisciplinary environment, and we 
have employed many examples related to such fields as 
medicine, sports, sustainability, engineering, and even 
music. the text is also richer than most in coverage 
of areas such as relativity, particle physics, quantum 
physics, and cosmology.

informed by the latest in Physics education 
research

the text is written with Physics education Research 
findings in mind, encouraging and supporting PeR- 
informed instructional strategies. the author team 
brings considerable expertise to the project, including 

includes student participation. the concept of 
rolling motion is covered from different angles in 
Chapter 9. dedicating a chapter to rolling motion 
has allowed us to focus on and develop the subject 
gradually, starting with intuitive definitions related 
to everyday life. Problems that are commonly used 
at this level are offered in multiple versions with 
increasing difficulty, and novel open problems 
walk the student through powerful concepts such 
as spin and momentum.

 ■ Forces: In the mechanics chapters, students are 
urged to consider how situations would feel. For 
example, prior to formally stating newton’s third 
law, the idea is qualitatively treated from the per-
spective of what happens when two friends on ice 
push each other. 

 ■ Torque: In Chapter 8, the often problematic con-
cept of torque is introduced in a simple representa-
tion of the product of force and distance for the 
case where these are perpendicular. this is done 
with examples from everyday life. the discussion 
then evolves to treating the case where the force is 
not perpendicular to the displacement. the factors 
contributing to the torque exerted by a force are 
developed intuitively and presented using different 
perspectives, leading to the concept of the moment 
arm and the full vector representation of torque as 
the cross product between two vectors. 

 ■ Inertia: In Chapter 8, moment of inertia is intro-
duced using the simple case of a rotating point mass. 
this leads intuitively to the moment of inertia of a 
collection of point masses. the point mass model 
is used to calculate the moment of inertia of a ring 
which is contrasted to the moment of inertia of a 
disk  to aid with the intuitive appreciation of the 
radial distribution of mass on moments of inertia 
for simple cases. the moment of inertia of a ring 
is then calculated using integration, which is also 
applied to the calculation of the moment of inertia 
of a disk, and employed in the development of the 
parallel axis theorem.

 ■ treatment of exoplanets in Chapter 11 begins with 
a qualitative discussion before moving on to quan-
titative treatment and end-of-chapter problem 
material. unique to introductory physics text-
books on the market, coverage of this concept also 
includes Canadian connections in the development 
of the field. 

 ■ Gauss’s Law: Chapter 20 is now devoted to 
Gauss’s law, and provides broader range of 
coverage including concepts that students may 
not have encountered in math courses (such as 
vector fields and surface integrals). we invoke 
an approach in introducing Gauss’s law that 
is unique among introductory physics texts  
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interactive learning

Modern computational tools play a key role in the 
lives of physicists and have been shown to be effective 
in promoting the learning of physics concepts. data-
Rich Problems teach students how to do computations, 
which students use to learn concepts and principles 
while exploring through Phet simulations and sim-
ilar animation tools. these allow students to develop 
their own conceptual understanding by manipulating  
variables in the simulated environments. In the second 
edition, we use a wider range of Phet simulations and 
provide more complete guidance on each activity. we 
also number the simulations, which makes it easier for 
instructors to assign them to students.

ultimately, students must take ownership of their learning; 
that is essentially the goal of all education. the strong links 
between objectives, sections, Checkpoint questions, and 
examples provide an efficient environment for students to 
achieve this. we view our role in terms of maximizing stu-
dent interest and engagement and eliminating obstacles on 
the road to active engagement with physics.

Robert Hawkes
Javed Iqbal

Firas Mansour
Marina Milner-bolotin

Peter williams
January 2018

Key chAngeS To The  
Second ediTion

Throughout the Text

Reviewer feedback over the past four years has been valu-
able in identifying key trends used in classrooms today. 
that, along with additional PeR resources and our own 
experiences in classrooms across Canada, has culminated in 
this new and vastly improved second edition. For example:

 ■ we have expanded the array of examples and added 
significantly more challenging, high-calibre end-of-
chapter problems that engage, inspire, and challenge 
students to attain a high level of proficiency, mastery, 
and excellence. the material on electromagnetism has 
been overhauled in this regard.

 ■ Examples have been refined to be more consistent in 
structure, and with a more detailed approach to “Making 
sense of the result.” this change was made to connect 
different problem-solving strategies to physics examples.

 ■ Significant digits are implemented more consistently 
across chapters.

 ■ we have made the use of units and vector notation 
consistent across all chapters. the use of vectors has 
been significantly revised in the first part of the text.

direct experience with a variety of  PeR-informed 
instructional strategies, such as peer response sys-
tems, computer simulations, interactive lecture dem-
onstrations, online tutorial systems, collaborative 
learning, project-based approaches, and personalized 
system of  instruction (PsI-based) approaches.

 ■ while the text encourages PeR-informed 
approaches, it does not support only a single  
instructional strategy. Instructors who use tradi-
tional lecture and laboratory approaches, those 
who use peer-response systems, those who favour 
interactive lecture demonstrations, and indeed 
those who use other approaches, will find the text 
well suited for their needs. 

 ■ the visual program throughout the text has been 
improved for clarity, consistency, use of  colour 
as an instructional tool, and symbol handling. 
the Pedagogical Chart on the inside front cover 
of  the text provides a summative quick-stop for 
student review when confronted with a complex 
figure, and supports more integration between 
chapters.

Unique Problem-Solving Approaches

while a professional physicist can view physics as 
a unified, small set of concepts that can be applied 
to a very diverse set of problems, the novice sees an 
immense number of loosely related facts. to guide stu-
dents through this maze, this text is concise in wording 
and emphasizes unifying principles and problem-solving 
approaches.

 ■ we have made most chapters self-contained so 
that each instructor can select which content is 
addressed in a course. a carefully selected set of 
problems, both conceptual and quantitative, helps 
to reinforce mastery of key concepts. 

 ■ while all physics texts strive to provide “real-world 
problems,” we believe that we have achieved this to 
a higher degree. this edition provides more consis-
tent application of data-rich and open-ended prob-
lems, as well as improvements in quality, quantity, 
and richness of all questions and problems.

 ■ our Open Problems are modelled on how the world 
really is: a key part of applying physics is deciding 
what is relevant and making reasonable approxi-
mations as needed. Closed-form problems, which 
in most textbooks are the only type used, portray 
an artificial situation in which what is relevant—
and only that—is given to the student. 

 ■ our Data-Rich Problems and encouragement of 
the use of graphing, statistical, and numerical solu-
tion software help reinforce realistic situations.

 ■ our Making Connections boxes help students see 
and identify with real-life applications of the physics.
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 ■ the number of problems and questions has approx-
imately doubled in this chapter compared to the first 
edition, with a wide variety of types of problems.

chapter 2 Scalars and vectors

 ■ the chapter has been improved through re-
checking its examples, removing inconsistencies 
in notation and figures, and ensuring that all the 
subsections are aligned carefully with the learning 
objectives.

 ■ the drawings of the free body diagrams and of cor-
responding life-like situations have been improved.

 ■ one Making Connections, longitude and latitude 
on earth, has been added.

 ■ on the suggestion of the reviewers, the notation for 
vectors and their components has been changed, 
so vectors are always bold and italic with a vector 
sign over them (e.g., a

>
), while their components are 

just italic (e.g., xa).

 ■ on the suggestion of the reviewers, the difficulty 
level in some of the problems has been adjusted.

 ■ all problems and solutions have been checked, 
and careful attention has been paid to mathemati-
cally appropriate problems. two new problems 
have been added, while three problems have been 
significantly changed to eliminate ambiguity. the 
chapter now has almost 70 problems.

chapter 3 Motion in one dimension

 ■ this chapter has been extensively reworked, with 
enhanced attention to its logical structure, con-
ceptual understanding, accuracy of  the exam-
ples, and consistency of  significant figures in the 
examples.

 ■ the learning objectives have been clarified and 
aligned carefully with the flow of the chapter.

 ■ a few Checkpoints connecting algebraic and graph-
ical representations of motion have been added.

 ■ a new vignette, additional examples, six Peer to 
Peer boxes, and two art- and nature-related Making 
Connections boxes have been added to connect one-
dimensional motion to real life.

 ■ Motion diagrams have been introduced and are 
used consistently throughout the chapter.

 ■ a table illustrating the connection between the 
relative directions of an object’s velocity and accel-
eration and their impact on the object’s motion has 
been introduced (table 3-3).

 ■ a table summarizing the relationships between 
kinematics quantities has been added (table 3-5).

 ■ examples of using modern technologies to evaluate 
the scale of the universe (Interactive activity 3-1)  

 ■ we have enhanced cross-references between chap-
ters and between topics and, when needed, between 
examples and problems within the chapters.

 ■ the art throughout the text has been improved 
through clearer fonts, consistent terminology and 
symbols, and consistent use of colour and symbol 
handling. (see the Pedagogical Colour chart on the 
inside front cover of the book.)

 ■ Summaries have been improved to better align with 
the learning objectives.

 ■ Data-Rich Problems and Open Problems have been 
incorporated into almost all chapters.

 ■ Interactive Activities have been overhauled to make 
better use of online materials. In the text, they are 
now presented with a title and description of what 
is available online and what students will learn 
from it. If  the Interactive activity uses a Phet 
simulation, it is identified in the text. once online, 
students will receive the interactive activity descrip-
tion and instructions in a detailed and segmented 
manner to help them work through it. questions 
are asked at the end, and the solutions are provided 
to instructors only.

 ■ new notations have been added to the problems at the 
end of chapters to identify when a problem involves 
d∙dx differentiation, ∫ integration,  numerical 
approximation, and/or  graphical analysis. this 
helps instructors select appropriate problems to assign.

 ■ Heading structure has been improved, with top-
level headings aligning with Learning Objectives in 
all chapters.

 ■ More Checkpoints have been incorporated into the 
chapters.

 ■ each chapter now has at least one Making 
Connections box, and throughout the book this 
feature has been refined to reflect the latest devel-
opments in physics.

 ■ all end-of-chapter problems have been carefully 
checked and improved with more detailed explana-
tions in the solutions Manual.

Key chAPTer chAngeS

chapter 1 introduction to Physics

 ■ a new Making Connections on the 2015 nobel 
Prize winner in Physics, art Mcdonald, has been 
added, as well as a Meet some Physicists feature to 
show the diversity in physics-related careers.

 ■ sophistication of treatment of dimensional analysis 
and unit conversion has been improved, including 
additional examples and problems.

 ■ on the suggestion of a reviewer, approximations in 
Physics now has its own section and related problems.
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their component representations (it can be consid-
ered optional by those who do not want to cover 
this in first year).

 ■ several new Making Connections (e.g., Higgs 
boson) link this classical chapter to modern physics 
concepts.

 ■ Fundamental and non-fundamental forces now have 
their own section (at the suggestion of a reviewer).

 ■ the section on non-inertial reference frames has 
been reworked.

 ■ a total of 28 examples richly illustrate all concepts 
and techniques for this important material.

 ■ all problems and solutions have been checked 
and attention paid to mathematically appropriate 
problems. over a dozen new problems have been 
added, and a number of others changed or elimi-
nated. the chapter has more than 100 problems.

chapter 6 Work and energy

 ■ this chapter now has an intuitive approach to 
work and energy, developing the idea of work, 
starting with the simple 1d situation and evolving 
into more complex situations.

 ■ the discussion of the work-energy theorem, while 
sufficiently rigorous, is also intuitive and builds on 
what students have seen in earlier chapters.

 ■ vector formalism is employed in a way that encour-
ages students to present their discussions using 
mathematical formulation.

 ■ the chapter opener poses stimulating and 
intriguing questions regarding energy in general 
in a discussion that expands students’ horizons 
while grounding the discussion in the discourse 
of  the field.

chapter 7 linear Momentum, collisions, and 
Systems of Particles

 ■ the common form of the elastic collision equa-
tions is used.

 ■ More examples, including two-dimensional inelastic 
collision, have been added.

 ■ the centre of mass discussion has been expanded 
to include an example with a continuous mass 
distribution.

chapter 8 rotational Kinematics and dynamics

 ■ an intuitive development of torque has been 
added, examining the representations of torque 
in great detail using a variety of engaging illustra-
tions and formualtions.

 ■ the key concept of the moment arm is now fully 
developed in the chapter. 

and analyze and visualize one-dimensional 
motion (e.g., example 3-8, section 3-6, Interactive 
activities 3-3, 3-4) have been introduced.

 ■ a video analysis technique to analyze motion is 
described, including a connection to the works of  
eadweard Muybridge (Making Connections in 
section 3-6).

 ■ some repetitive examples have been moved to the 
end-of-chapter problems or eliminated.

 ■ additional care has been taken regarding treat-
ment of vector terms, and topics like the selec-
tion of the positive direction of motion have been 
clarified.

 ■ the sections that require calculus (e.g., the analysis 
of motion with changing acceleration) have been 
isolated, so students will not find them distracting.

 ■ all problems and solutions have been checked 
and attention paid to mathematically appropriate 
problems. a number of new problems have been 
added, and a number of others changed or elimi-
nated. the difficulty level of all problems has been 
checked and adjusted where needed. the chapter 
has almost 140 problems.

chapter 4 Motion in Two and Three dimensions

 ■ the graphical vector method for finding the trajec-
tory of a projectile has been introduced.

 ■ video analysis of motion, including a data-rich 
problem, is utilized.

 ■ new examples based on sports have been 
introduced.

 ■ the relative motion discussion has been expanded.

chapter 5 Forces and Motion

 ■ this chapter has been extensively reworked, with 
enhanced attention to logical structure and care in 
explaining terms.

 ■ the new section 5-1 dynamics and Forces intro-
duces free body diagrams and net forces in one 
dimension, before going on to two and three 
dimensions.

 ■ additional care has been taken with vector terms 
and treatment, and topics like the selection of the 
positive direction have been clarified.

 ■ For those who like to think of force as the derivative 
of linear momentum, a section (5-11 Momentum and 
newton’s second law) has been added. (Instructors 
who wish can delay this treatment until after 
momentum is covered in detail in Chapter 7.)

 ■ a new section on component-free approaches has 
been added (5-5 Component-Free solutions) that 
illustrates that vectors have meaning deeper than 
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 ■ the subsection “derivation of Poiseuille’s 
equation” has been added.

 ■ eleven new end-of-chapter problems have been 
added.

chapter 13 oscillations

 ■ example 13-1 (first edition) has been deleted.

 ■ section 13-6 the simple Pendulum has been 
rewritten and expanded.

 ■ Making Connections “walking Motion and the 
Physical Pendulum” has been rewritten.

 ■ the subsection “the quality Factor or the 
q-value” has been added in section 13-9.

 ■ optional section 13-11 simple Harmonic Motion 
and differential equations has been added.

 ■ Fourteen new end-of-chapter problems have been 
added.

chapter 14 Waves

 ■ a summary of the main results is provided at the 
start of section 14-8.

 ■ optional section 14-14 string Musical Instruments 
has been added.

 ■ optional section 14-15 the wave equation in 
one-dimension has been added.

 ■ eight new end-of-chapter problems have been added.

chapter 15 Sound and interference

 ■ the art for many topics, including resonating col-
umns, has been improved.

 ■ a new section on the role of standing waves in 
musical instruments has been included.

 ■ the discussion of  determining sound levels 
due to multiple sources has been improved and 
expanded.

chapter 16 Temperature and the Zeroth law of 
Thermodynamics

 ■ Consistency of wording has improved by use of 
the word “heat” for the energy that is transferred 
from one object to another.

chapter 17 heat, Work, and the First law of 
Thermodynamics

 ■ the sign of work and the convention adopted in 
the text have been clarified.

chapter 18 heat engines and the Second law 
of Thermodynamics

 ■ Figure 18-3 is a detailed illustration showing a 
steam turbine in a Candu nuclear power plant.

 ■ a detailed exposure of the right-hand rule is now 
included in the chapter and connects well with the 
discussion on magnetic fields.

chapter 9 rolling Motion

 ■ the chapter now develops the concepts of spin and 
orbital angular momentum using an intuitive and 
easy-to-grasp approach that allows active partici-
pation by students, but still with sufficient math-
ematical rigour. sufficient emphasis is given to the 
power of the approach.

 ■ Problems and examples now tie better into one 
another when it comes to considering more real-
istic approaches to a given scenario. Higher levels 
of complexity and rigour are included as needed.

chapter 10 equilibrium and elasticity

 ■ the topic of equilibrium is now introduced from 
an intuitive point of view, using real-life examples, 
and is exposed in a more complete fashion.

 ■ the connection to the fully developed approach to 
torque in Chapter 8 is brought out more clearly. this 
is also summarized in the chapter for easy reference. 
the chapter now makes it easier to teach static equi-
librium before rotational dynamics, as needed.

chapter 11 gravitation

 ■ More quantitative treatment of elliptical orbits, 
and new derivations of kepler’s laws, have now 
been included.

 ■ Classical treatment of black holes is now included 
in this chapter (this was in Chapter 29 only in the 
first edition).

 ■ an expanded exoplanet section includes calcula-
tion of their masses.

 ■ about 20 new problems and 4 new examples have 
been added in this chapter, with improvements in a 
number of others.

chapter 12 Fluids

 ■ the subsection “solids and Fluids under stress” 
has been added in section 12-1.

 ■ the subsection “a simple barometer” has been 
added in section 12-3.

 ■ example 12-8 weighing an object Immersed in a 
Fluid has been added in section 12-5.

 ■ example 12-9 blood Flow through a blocked 
artery has been added in section 12-8.

 ■ example 12-10 water Pressure in a Home (example 
12-8 in the first edition) has been rewritten.

 ■ we have replaced example 12-11 (first edition) 
with a new example (example 12-13 Pumping 
blood to an ostrich’s Head) in the second edition.
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chapter 21 (part of chapter 20 in first edition) 
electric Potential energy and electric Potential

 ■ the opening image relates the material of this 
chapter to the large Hadron Collider.

 ■ Rather than start right off  with electrical potential 
energy, this chapter now opens with detailed calcu-
lations of work to move charges in electric fields. 
both the work done by an external agent and the 
work done by an electric field are introduced, and 
the relationship between the two views is stated.

 ■ a number of new Peer to Peer boxes and 
Checkpoints help eliminate misconceptions.

 ■ the material has been enhanced and extended 
almost everywhere.

 ■ we now include the method of  images in the 
final section (21-9 electric Potential: Powerful 
Ideas), but those who prefer not to cover this 
topic in first year can readily omit it without loss 
of  continuity.

 ■ the number of problems has been significantly 
expanded, with more than 100 in this chapter.

chapter 22 (chapter 21 in first edition) 
capacitance

 ■ while the overall structure of this chapter is only 
slightly changed from the first edition, there have 
been a large number of small improvements at the 
suggestion of reviewers and readers.

 ■ we now use two different approaches to derive the 
electric field between the plates of an ideal parallel 
plate capacitor in section 22-2 (one uses superpo-
sition and one does not). In this way, we establish 
where the electric charge must be on the plates as 
one of the important points summarized in bullet 
form at the end of the chapter.

 ■ the notation for combining capacitors has been 
made consistent with that used later for combining 
resistors in Chapter 23.

 ■ the applications section has been altered, with a 
few topics that require resistance ideas eliminated.

 ■ almost 30 new problems have been added (and a 
few others changed).

chapter 23 (chapter 22 in the first edition) 
electric current and Fundamentals of dc circuits

 ■ the chapter has been improved through revising its 
examples by removing inconsistencies in notation 
and figures.

 ■ the applications of kirchhoff’s laws have been clari-
fied by using additional examples and improving the 
table clarifying the sign convention for the directions 

 ■ Consistent colouring of heat flows in diagrams has 
been achieved.

 ■ the discussion of the operation of a refrigerator 
expansion valve has been improved.

chapter 19 electric Fields and Forces

 ■ some topics have been reorganized and a new sec-
tion added on charging objects by induction.

 ■ superposition has been added to the titles of 
sections 19-4 and 19-7 as part of the enhanced 
treatment of vector superposition for electric 
forces and fields.

 ■ a different symbol is used for linear charge density 
to agree with most other books.

 ■ the electric field vector and field line diagrams are 
now in a section devoted just to that topic, with 
significantly enhanced treatment of electric field 
lines compared to the first edition.

 ■ the number of example problems has more than 
doubled, as has the number of end-of-chapter 
problems and questions.

 ■ a new short final section uses a new Checkpoint to 
clarify electric field misconceptions.

chapter 20 (part of chapter 18 in first edition) 
gauss’s law

 ■ a full chapter is now devoted to just this topic.

 ■ a strong semi-quantitative base for electric flux 
is developed prior to the formal introduction of 
Gauss’s law.

 ■ necessary math concepts such as vector fields, 
open and closed surfaces, symmetry types, and sur-
face integrals are developed within the chapter for 
those who have not yet encountered them in their 
math courses.

 ■ Common Gauss’s law misconceptions are 
addressed through many additional Checkpoints.

 ■ symbols now differentiate calculation of surface 
integrals for open and closed surfaces.

 ■ section 20-9 introduces Gauss’s law for gravity to 
illustrate application of the ideas in another area 
of physics.

 ■ the chapter structure gives flexibility to instruc-
tors in how much of  the subject is treated and 
how.

 ■ there is now a good variety in types and difficulty 
level in questions and problems.

 ■ In our opinion, we have one of the most complete 
and innovative treatments of Gauss’s law in any 
introductory text.
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number of problems requiring differentiation and 
integration.

chapter 26 Alternating current circuits

 ■ voltage is used in place of emf in this chapter, and 
this is explicitly discussed.

 ■ energy usage statistics have been updated.

 ■ a new Checkpoint testing understanding of phase 
shifts has been added.

chapter 27 electromagnetic Waves and 
Maxwell’s equations

 ■ In section 27-8, we have added the Making 
Connections box “Polarization and 3d Movies.”

 ■ we have added five new end-of-chapter 
problems.

chapter 28 (chapter 27 in the first edition) 
geometric optics

 ■ we have made relatively minor changes from a 
well-received first edition chapter.

 ■ one extra Checkpoint question was added, and 
three examples have been improved.

 ■ one Making Connections about image  
formation in plane mirrors has been edited and 
improved.

 ■ all the tables summarizing sign conventions of 
geometric optics and properties of images created 
by mirrors and thin lenses have been improved.

chapter 29 (chapter 28 in first edition)  
Physical optics

 ■ we have made relatively minor changes from a 
well-received first edition chapter.

 ■ the strategy for thin film interference problems is 
made explicit.

 ■ links with modern physics have been extended 
(e.g., a new Making Connections on the lIGo 
detector).

 ■ More than 45 new end-of-chapter questions and 
problems have been added that are well distributed 
over all topics.

chapter 30 (chapter 29 in first edition) 
relativity

 ■ we retained consideration of both special rela-
tivity and some aspects of general relativity in this 
chapter, ending with the well-received quantitative 
example on the two relativistic corrections in the 
GPs system.

of currents and the signs of potential differences 
across the circuit elements (table 23-4).

 ■ nine new end-of-chapter problems have been added. 
the chapter now has more than 70 problems.

chapter 24 (chapter 23 in the first edition) 
Magnetic Fields and Magnetic Forces

 ■ this chapter has undergone major revisions in 
terms of its content, examples, end-of-chapter 
problems, and solutions in the solutions Manuals.

 ■ the topic of cross products is developed intuitively 
as it relates to the chapter material and is closely 
linked to the development and use of cross prod-
ucts in earlier chapters.

 ■ the presentation of magnetic field calculations and 
interactions between magnetic fields and moving 
charges is now done in much greater detail, evolving 
from the simple to the complex, and more compre-
hensively highlights the utility of the right-hand rule.

 ■ the learning objectives have been edited and the 
sections are now better aligned with them.

 ■ one new Checkpoint, two expanded examples, and 
two Making Connections boxes have been added, 
including a discussion of Canadian astronomer  
t. victoria kaspi and applications of magnetism 
to the animal kingdom.

 ■ More than 30 figures in the chapter have either 
been added or edited and significantly improved.

 ■ the discussion of the Hall effect has been signifi-
cantly improved.

 ■ More than 20 end-of-chapter problems of various 
complexity have been added, including a number 
of problems requiring differentiation and integra-
tion. the chapter now has more than 100 end-of 
chapter problems.

chapter 25 (chapter 24 in the first edition) 
electromagnetic induction

 ■ while this chapter has not undergone major revi-
sions, it has been edited for clarity and accuracy.

 ■ the learning objectives have been edited, and 
the sections are now better aligned with these 
objectives.

 ■ one new example in the chapter has been added, 
while all other examples have been edited for 
clarity, accuracy, and meaningful connections to 
everyday life and students’ experiences.

 ■ the figures and tables in the chapter have been 
clarified and improved.

 ■ the chapter has more than 80 end-of-chapter 
problems of a wide range of difficulty, including a 
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chapter 31 Fundamental discoveries of  
Modern Physics

 ■ we have expanded the Fundamental Concepts 
and Relationships section to synthesize the results 
from the chapter, making it clearer why some new 
physics was needed.

chapter 32 introduction to Quantum  
Mechanics

 ■ In section 32-3, we have expanded the subsection 
“the Physical Meaning of the wave Function.”

 ■ we have added section 32-6 the Finite square 
well Potential, which includes the concept of the 
parity operation in quantum mechanics.

 ■ we have added three new end-of-chapter 
problems.

chapter 33 introduction to Solid-State Physics

 ■ we have replaced the formal derivation of the 
density of states at the Fermi surface with a more 
physical argument.

chapter 34 introduction to nuclear Physics

 ■ In section 34-6, the subsection “Gamma decay” 
from the first edition has been rewritten and 
is now called “nuclear levels and Gamma (g) 
decay.”

 ■ the new section 34-7 nuclear stability has been 
added. the effect of Coulomb repulsion on the 
nuclear levels is discussed in this section.

 ■ the new section 34-10 nuclear Medicine and 
some other applications has been added.

chapter 35 introduction to Particle Physics

 ■ section 35-12 beyond the standard Model has 
been greatly expanded and contains the subsec-
tions “dark Matter” and “dark energy.”

 ■ as suggested by reviewers, we have provided 
more on the experimental evidence for relativity, 
including the new Making Connections box on 
the Hafele–keating experiment (“testing time 
dilation with atomic Clocks”).

 ■ lorentz transformations are now covered in depth 
with their own section. those who prefer not to 
teach lorentz transformations can skip section 
30-5 and the derivation in section 30-8 and still 
cover the rest of the chapter.

 ■ Matrix formulations are used for lorentz trans-
formations, which are also expressed without this 
notation for instructors who prefer not to use 
matrices in first year.

 ■ at the suggestion of one reviewer, the relativistic 
velocity addition relationship is now fully derived 
in the text.

 ■ through a new qualitative problem we urge stu-
dents to express arguments for and against the con-
cept of relativistic mass.

 ■ the spacetime diagram and interval coverage have 
been expanded.

 ■ the relativistic doppler shift is rigorously derived 
and has its own section.

 ■ the term four vector is explained in the chapter.

 ■ the relationship between total energy, relativistic 
momentum, and rest mass energy is now a key 
equation (30-38) and not simply part of a problem 
derivation, as it was in the first edition.

 ■ an extensive new Making Connections quantita-
tively explains the evidence from the recent lIGo 
detection of black hole coalescence.

 ■ there are about 30 new problems, along with 
changes and a few deletions from the first edition. 
there are four new examples.

 ■ the solutions Manuals have been totally reworked to 
make both the approach and the notation consistent 
between the solutions Manuals and the chapter.

 ■ we feel that we have one of the most comprehen-
sive relativity treatments of any first-year textbook.
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Physics for Scientists and Engineers: An Interactive Approach, Second Edition, is carefully organized 
so you can stay focused on the most important concepts and explore with strong pedagogy.

TexT WAlKThroUgh

examples Each example is numbered and corresponds 
to each major concept introduced in the section. Examples are 
now more consistently structured across all chapters, with a 
title, a statement of the problem, a solution, and a paragraph 
titled “Making sense of the result.” Within the example, the 
authors have modelled desired traits, such as care with units 
and consideration of appropriate significant figures. “Making 
sense of the result” is one of the most important features, in 
which authors model the idea of always considering what has 
been calculated to determine whether it is reasonable.

learning objectives are brief numbered and directive 
goals or outcomes that students should take away from the 
chapter. Listed at the beginning of each chapter, these also 
correspond to major sections within that chapter.

opening vignettes These narratives at the beginning 
of each chapter introduce topics through an interesting and 
engaging real-life example that pertains to the chapter top-
ics. An engaging entry into the chapter, these vignettes also 
provide students with the opportunity to read about historical 
and very recent current events in physics.

The 100 m dash is a sprint race in track and feld competi-
tions. It is one of the most popular and prestigious events 

in the world of athletics. It has been contested since the 
frst Summer Olympic Games in 1896 for men and the ninth 
Summer Olympic Games in 1928 for women. The frst winner 
of a modern Olympic 100 m race was American Francis 
Lane, whose time in 1896 was 12.2 s. The current male world 
champion in the 100 m dash is the legendary Jamaican 
sprinter Usain Bolt (Figure 3-1), who has improved the world 
record three times from 9.74 s to 9.58 s. Since 1969, the 
men’s 100 m dash record has been revised 13 times, from 
9.95 s to 9.58 s (an increase in performance of 3.72%). Bolt’s 
2009 record-breaking margin from 9.69 s (his own previous 
world record) to 9.58 s is the highest since the start of fully 
automatic time measurements in 1977. The fastest ever 
woman sprinter was American Florence Griffth-Joyner  
(1959–1998), whose 1988 record of 10.49 s hasn’t been 
broken to this day. Since automatic time measurements allow 
for increased accuracy, athletes fght for every split second. 
The continuous improvement in their performance would not 
have been possible without the detailed analysis of every 
parameter of an athlete’s motion, such as sprinting speed, 
acceleration, and the length and frequency of their stride. 
Coaches and athletes combine their knowledge of kine-
matics with their knowledge of human kinetics to optimize 

Chapter 
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When you have completed this chapter, you should be 
able to

 LO1 Defne, calculate, and distinguish between dis-
tance and displacement.

 LO2 Defne, calculate, and distinguish between 
average and instantaneous speed and velocity.

 LO3 Defne and calculate acceleration, and dis-
tinguish between average and instantaneous 
acceleration.

 LO4 Develop and apply the kinematics equations for 
motion with constant acceleration.

 LO5 Construct and analyze displacement, velocity, 
and acceleration time plots.

 LO6 Use kinematics equations to analyze the motion 
of free-falling objects.

 LO7 Describe relative motion in one dimension qual-
itatively and quantitatively using the kinematics 
equations.

 LO8 Use calculus to analyze the motion of objects 
with constant and variable acceleration.

Learning 
Objectives

Figure 3-1 World 100 m dash champion Usain Bolt sprints during 
the 2012 Summer Olympics in London.

Motion in One Dimension

performance and improve the world record (Krzysztof, 
M., & Mero, A. 2013. A kinematics analysis of the three 
best 100 m performances ever. Journal of Human 
Kinetics, volume 36, 149–160).
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Figure 15-4 Displacement and pressure variations for a 1000 Hz 
sound wave in air.

Wave Amplitude
Calculate the displacement amplitude of a 1000 Hz sound 
wave whose pressure amplitude is 100.0 mPa.

Solution
This is a simple application of the relationship expressed in 
Equation 15-11. Using the bulk modulus for air found in 
Table 15-1, we rearrange Equation 15-11 to fnd 

A 5
Dp

Bk
5

Dpm

B 
2pf

y

5
0.000 100 0 Pa

1.41 3 105 Pa 
2p 11000 s212

343 m ?s21

          5 3.87 3 10211 m

Making sense of the result
We have a pressure amplitude that is about four times that 
shown in Figure 15-4. Since the pressure amplitude is propor-
tional to the displacement amplitude, we should fnd a displace-
ment amplitude that is four times that shown in Figure 15-4.

ExAMpLE 15-2

ExAM

evolved to be as sensitive as possible without subjecting us 
to constant background noise.
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Peer to Peer Written by students for students, Peer  
to Peer boxes provide useful tips for navigating difficult 
 concepts.
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although actual exoplanets do not have exactly inertial 
frames of reference due to motion about their parent 
stars, galactic rotation, and expansion of the universe.) 
An observer on each exoplanet measures the proper 
length for the distance between the planets, L0, but 
does not measure the proper time, because the begin-
ning and the end of the trip occur at different spatial 
coordinates in the reference frame of the planet (top of 
Figure 30-11). Instead, a planetary observer measures a 
dilated time, Dt. An observer on the spaceship (bottom 
of Figure 30-11) measures the proper time, Dt0, because 
the start and end of the trip do occur at the same spa-
tial coordinates in this reference frame. However, this 
observer does not measure the proper length because 
the spaceship moves relative to A and B.

According to the planet-based observer, the speed 
of the spaceship is

 y 5
L0

Dt
 (30-12)

Similarly, from the point of view of the spaceship 
observer, the speed for the trip is

 y 5
L

Dt0
 (30-13)

Consider two inertial reference frames, one moving at 
speed y relative to the other. For example, if observer A 
thinks that B is moving at speed y along the 1x-direction, 
then the symmetry of the situation requires that observer 
B think that A must be moving in the 2x-direction. 
Although they disagree on direction, they will agree on the 
speed. This means that we can use Equations 30-12 and 
30-13 to obtain the following relationship:

 L 5
L0Dt0

Dt
 (30-14)

When we substitute the time dilation result (Equation 
30-8) into Equation 30-14, we obtain the following 
length contraction relationship:

KEY EQUATION  L 5 L0#1 2 y2yc2 (30-15)

y
time for trip, Dt

Planet Reference Frame

Spaceship Reference Frame

A B

L0

time for trip, Dt0
A B

L

Figure 30-11 From a reference frame on one planet (top), a trip 
between the planets will take time Dt and be of distance L0. A space-
ship observer will measure time Dt0 and distance L.

In doing relativistic trip type problems, I fnd the most 
important thing is to keep in mind the defnitions of 
proper length and proper time. The person on the trip 
measures the proper time (if  the time interval is the trip), 
but a different observer not moving with respect to the 
end points of the trip measures the proper length.

Peer to Peer

Remember that length contraction takes place 
only in the direction corresponding to the motion of 
the object. 

Special relativity makes it possible (theoretically at 
least) to travel to distant exoplanets within a human 
lifetime. For example, if  you travel at 99% of the speed 
of light, a trip that is 10 yr (years) in duration for an 
Earth-based reference frame will only be approximately 
1.4 yr to an observer on the spaceship. However, you 
will learn later that the energy that a spaceship requires 
to reach speeds close to the speed of light is huge. There 
is an additional issue related to the physiological effects 
of acceleration to get to the high relativistic speeds, as 
well as the time required for reasonable accelerations.

For problems involving space travel, it is often 
convenient to work in distance units of light years and 
instead of writing it as ly, to express it as c yr. This 
allows us to divide out, for example, the speed of light, 
c. We also express all speeds as a fraction of the speed 
of light and use years as the time unit. This approach 
to units is demonstrated in Example 30-3. Of course, 
you can equally well convert all quantities to SI units.

spaceship Length contraction
A spaceship is 25.0 m long as measured in its own reference 
frame. What length do you measure as it moves past you at 
90% of the speed of light?

solution
First, ask yourself, Who measures the proper length? It is an 
observer on the spaceship. So, L0 5 25.0 m and y 5 0.900c. 
Using the length contraction relationship, we have

L 5 L0#1 2 y2yc 2 5 125.0 m2"1 2 0.9002

            5 10.9 m

Making sense of the result
As expected, the spaceship moving past you is contracted in 
length in the direction of motion. The value you measure is 
less than the proper length of the spaceship.

exaMPLe 30-2
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checkpoints Each learning objective has a Checkpoint  
box to test students’ understanding of the material they 
have just read. Checkpoint boxes include questions in dif-
ferent formats, followed immediately by the answer placed 
upside down at the end of the box. While different formats are 
used, these Checkpoints are meant to be self-administered, 
so they all have a single clear answer so that students know 
whether they have mastered the concept before moving on 
to dependent material. The close linking of sections, learning 
 objectives, and Checkpoints is a major feature of the text.

Making connections Making Connections boxes are 
provided in a narrative format and contain concise examples 
from international contexts, the history of physics, daily life, 
and other sciences.

6 6  SeCtION 1 |  MECHANICS NEL

(c) cannot be equal to its instantaneous velocity
(d) none of the above

Answer: (d) The average velocity can be greater, less than, or equal to the instantaneous 
velocity. For example, Figure 3-13 illustrates the case when the average velocity is greater 
than an instantaneous velocity.

The Chandra X-ray Observatory detected a neutron star, 
RX J0822-4300, which is moving away from the centre of 
Pupis A, a supernova remnant about 7000 ly away (Figure 
3-14). Believed to be propelled by the strength of the lop-
sided supernova explosion that created it, this neutron star 
is moving at a speed of about 4.8 million km/h (0.44% of 
the speed of light, 0.44c), putting it among the fastest-
moving stars ever observed. At this speed, its trajectory will 
take it out of the Milky Way galaxy in a few million years. 
Astronomers were able to estimate its speed by measuring its 
position over a period of 5 years.

MAkING CONNECtIONS

Measuring the Speed of  
Neutron Stars

Figure 3-14 Supernova remnant RX J0822-4300. 

x-
value of acceleration, we will denote it as a. We will use 
full three-dimensional vector acceleration notation in 
the following chapters.

The average acceleration of  an object is the change 
in its velocity divided by the elapsed time:

KEY EQUATION

 ax,avg 5  

Dyx

Dt
 5  

yx 2  yx,0

t 2 t0
    3a45 m

 s2  (3-7)

The average acceleration of an object between 
two points in time depends only on its fnal and ini-
tial velocities and the elapsed time. Since acceleration 
indicates by how much the velocity is changing every 
second, its units are metres per second per second, 
or m/s2. Sometimes the notation a is used to denote 
average acceleration, but we will use ax,avg, analogous 
to average velocity.

Figure 3-15 shows the velocity versus time plot 
for an object. The average acceleration, given by 
Equation 3-7, is the change in velocity (rise) divided 
by the elapsed time (run) between the two points in 
time. The average acceleration is represented by the 
slope of  the chord connecting these two points on the 
yx (t) plot.

Figure 3-15 The average acceleration between any two points in 
time is given by the slope (rise over run) of the chord connecting the 
two points on the yx(t) graph.

yx1

yx

yx4

yx2

yx3

t1 t2 t3 t4 t

Slope of a chord represents the average
acceleration between two given points
in time:

Ve
lo

ci
ty

 (m
/s

)

ax,avg 5
Dyx
Dt 5

rise
run

Time (s)

3-3 Acceleration

Just as velocity represents the rate of change of position 
in time (Equation 3-6), acceleration represents the rate 
of change of velocity in time. Since velocity is a vector 
quantity (it has both magnitude and direction), the rate 
of change of velocity is also a vector. In the case of 
one-dimensional motion, we indicate the direction of 
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23-4  Series and Parallel  
Electric Circuits

Now we are ready to explore how Ohm’s law can be 
applied to a combination of resistors. Let us model a 
resistor as a wire of length ,, cross-sectional area A, 
and resistivity r. Imagine that we have two identical 
resistors, each with resistance R. What is the effective 
resistance of a combination of these resistors? The 
answer depends on how the resistors are connected.

Resistors connected in series When two or more resistors 
are connected in series (Figure 23-8(a)), the circuit is called 

(b) Rearranging Equation 23-16, we can fnd the resistivity of 
the wire:

r 5  

RA
,

 5  

11.50 V2  ?  p 10.25 3  1023 m22
5.0 m

 5  5.9 3  1028 V ?  m

 Comparing this value to the resistivities listed  
in Table 23-2, we fnd that the wire could be made  
of  zinc.

Resistance, R
The resistance, 

Ranking Resistances of Metal Wires
Which of the following statements correctly represents 
the ranking of the resistances of the fve copper wires 
shown in Figure 23-7? Notice that D in Figure 23-7 rep-
resents the diameter of the wire. How would you rank the 
resistivities of these wires?
(a) Rb . Ra 5 Re . Rc . Rd
(b) Rb . Ra . Re . Rc . Rd
(c) Rc . Ra 5 Re . Rb . Rd
(d) Rd . Rc . Re 5 Ra . Rb
(e) Rd . Ra 5 Re . Rc . Rb

(a)

(d)

(b) (c)

L, D 2L, 2D

(e)

4L, 2DL, 2D

2L, D

Figure 23-7 Checkpoint 23-3.

CHECKPOINT 23-3

Answer: (a) Use Equation 23-16 to compare the resistances. The resistivities of the 
wires are the same because they are made from the same material.

a 

resistance

series circuit, 

 

KEY EQUATION  

term 

(a)

I

I

(b)

Figure 23-8 

interactive Activities provide activities, such as 
computer simulations, that help with concept  development. 
Many of these are matched to the research-validated PhET 
simulations. Students are introduced to an Interactive 
 Activity in the text, and then when online, they will see a 
full description and set of instructions embedded with the 
activity, so they can adjust variables or diagrams provided. 
Questions are provided at the end. Answers are available to 
instructors only.

Planets form along with their parent stars from a cloud of gas 
and dust called a nebula. The formation process likely also 
produces large numbers of small meteoroids, some of which 
escape the gravitational pull of the star (through collisions, 
near collisions, and radiation processes). We can detect escaped 
meteoroids that reach our Solar System by fnding meteoroids 
not gravitationally bound to the Sun. Canada is a world leader 
in the study of meteoroids, including the search for debris from 
other planetary systems. Researchers Peter Brown, Margaret 
Campbell-Brown, and Rob Weryk of the University of Western 
Ontario use the Canadian Meteor Orbit Radar (CMOR) and 
an automated super-sensitive digital camera system to com-
pute meteor orbits and to isolate those on hyperbolic orbits. 
Figure 11-21 shows a map of meteor origins from a single day 
of observations with this facility. Each year, close to one mil-
lion meteoroids are detected by this facility. A tiny fraction of 

MAkING CONNECt

Figure 11-21 

Sun, planet, and Comet
In this activity, you will use the PhET simulation “My Solar 
System” to animate a three-body system with the Sun, a 
planet, and a much smaller mass comet. You will see how 
the orbit of the comet changes depending on how similar 
the planet and comet masses are. Through this activity you 
are introduced to the concept of gravitational precession, an 
idea that played a crucial role in the establishment of general 
relativity (Chapter 30).

INtErACtIvE ACtIvIty 11-4

11-9 Detection of Exoplanets

The distinguished Russian American astronomer Otto 
ne 

detection.

prestigious 
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end-of-chapter Questions and Problems Ques-
tions, Problems by Section, Comprehensive Problems,  
Data-Rich Problems, and Open Problems are provided at the 
end of each chapter to test students’ understanding of the 
material. The volume of exercises and problems has been 
significantly expanded in this edition.

Key concepts and relationships provide a sum-
mary at the end of each chapter. This section provides  
students with an opportunity to review the key concepts dis-
cussed in the chapter. Care has been taken to make these 
concise and yet at the same time cover all core ideas and 
correspond to major sections in the chapter. Applications and 
Key Terms introduced in that chapter are also listed here for 
student reference.

 NEL

kEY CONCEptS AND RELAtIONSHIpS
Kinematics is the study of motion. In kinematics, we study 
the relationships between an object’s position, displacement, 
velocity, and acceleration and their dependence on time. We 
also examine relative motion.

Position, Velocity, Acceleration, and Time
The displacement of an object is the change in its position at 
two different times:

 Dx 5  x 2  x0     3Dx4 5 m (3-1)

Distance is the path length covered by an object:

 d 5  a
i
0 dxi 0  (3-2)

The average speed is the distance covered divided by the time 
elapsed:

 yavg 5  

d
Dt

 5  

d
t 2  t0

     3yavg4 5
m
s

    (3-3)

The average velocity is the displacement divided by the time 
elapsed:

  yx,avg 5  

Dx
Dt

 5  

x 2  x0

t 2  t0
     3yx,avg4 5

m
s

  (3-4)

The instantaneous velocity is the derivative of the position 
with respect to time:

 yx 1t25  lim
DtS0

yx,avg 5  lim
DtS0

Dx
Dt

 5  

dx 1t2
dt

5 x r 1t2 (3-6)

The instantaneous speed is the magnitude of the instanta-
neous velocity.

The average acceleration is the change in the velocity 
divided by the time elapsed:

 ax,avg 5  

Dyx

Dt
 5  

yx 2  yx0

t 2 t0
      3ax4 5

m

s2
 (3-7)

The instantaneous acceleration is the derivative of velocity 
with respect to time:

 ax 5 lim
DtS0

Dyx 1t2
Dt

 5  

dyx 1t2
dt

5 y rx 1t2 (3-8)

 

is given by

 x

 

 

 x12 5

 Dx12 

 

 

 

 x 1t25

In this activity, you will use the PhET simulation “Calculus 
Grapher” to investigate the relationship between position, 
velocity, and acceleration from the perspective of calculus. 
The simulation will allow you to experiment with different 
functions and explore their derivatives and antiderivatives 
(indefnite integrals of functions).
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Key equations It is important for students to differenti-
ate fundamental relationships from equations that are used in 
steps of derivations and examples. Key equations are clearly 
indicated.

 NEL

 

 

and the orbit is with respect to the centre of mass of the 
system. You can always use this general form of Kepler’s 
third law, with Equation 11-36 being an approximation 
valid when one mass is much larger than the other:

KEY EQUATION  T2 5
4p2

G 1m1 1 m22
 a3 (11-37)

We need one more result to complete this treat-
ment for elliptical orbits. Equation 11-26 enables us 
to perfectly trace out any orbit if  we know the eccen-
tricity and semi-major axis (which can be found 
from the total energy and the angular momentum). 
But we have not yet seen how the speed varies in dif-
ferent parts of  the orbit (except indirectly through 
Kepler’s third law). Since total energy is conserved, 
the kinetic energy must be less in the outer part of 
the orbit where the potential energy is more. It would 
be convenient to have a relationship that gave us the 

Speed in Circular Orbit
Show that the speed given by Equation 11-38 is consistent with 
Newtonian mechanics and the law of universal gravitation for 
a circular orbit.

Solution
In the case of a circle, r has a constant value and r 5 a. If we sub-
stitute this into Equation 11-38 and square both sides, we have

 y2 5 GMa2
r

2
1
a
b 5 GMa2

r
2

1
r
b 5

GM
r

We don’t know the mass of the object in orbit, but let us call it m 
and multiply both sides of the above relationship by this mass:

 

 

the right.

ExAMpLE 11-13 
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where the unit is the decibel (dB), and I0 5 10  W/m  is the 
intensity that corresponds to 0 dB.

The intensity of a point sound source a distance r from 
the source is

 I 5
P

4pr2  (15-29)

where P is the total power radiated by the source.

Doppler Effect
When a source and a receiver are in motion relative to each 
other, the frequency detected by the receiver is not the same 
as the frequency emitted by the source. For sound waves,

 fr 5
y 6 yr

y 7 ys
 fs (15-30)

where fs is the frequency of the source, fr is the frequency at 
the receiver, y is the speed of sound in air, and yr and ys are 
the speed of the receiver and the source, respectively, relative 
to the air. When the motion is toward, we use the top sign, 
and when the motion is away, we use the bottom sign.

fn 5
ny

4L
    n 5 1,3,5, c

Interference
For two sources that are in phase, we get constructive inter-
ference when the path difference between the two sources is 
an integer number of wavelengths. We get destructive inter-
ference when the path difference is a half-integer number of 
wavelengths.

When we have two sources that differ in frequency, the 
tone we hear has a frequency that is the average of the two 
frequencies and is amplitude-modulated (beats) at a fre-
quency equal to the difference of the two frequencies.

Sound Level
The sound level (b) is defned as

 b 1I25 10 log 10 a I
I0
b  (15-27)

AppLICATIONS kEy TErMS
musical instruments, musical beats, tuning musical instru-
ments, hearing safety, shock waves

beat, beat frequency, blueshift, bulk modulus, decibel, 
Doppler effect, Hubble constant, Hubble’s law, Huygens’ 
principle, intensity, isotropically, plane waves, redshift, sound 
level, spherical wave

QuESTIONS
 1. A sound wave is a longitudinal wave. True or false?
 2. The displacement and pressure amplitudes are

(a) in phase
(b) out of phase by 908
(c) out of phase by 1808

 3. When we double the frequency of a sound wave, by what 
factor does the wavelength change?

 4. When we double the power produced by a source, by 
what factor does the displacement amplitude of the 
resultant wave change?

 5. The angle of incidence and the angle of refection are equal 
when a sound wave refects from a boundary. True or false?

 6. When a sound wave crosses a boundary from a medium 
of high speed to one of lower speed, the wave
(a) bends toward the surface normal
(b) bends away from the surface normal
(c) simply slows without changing direction

 7. We create a standing wave when we confne a wave 
between boundaries. True or false?

 8. The frequencies of standing waves in an air column are 
all integer multiples of each other. True or false?

 9. It is not possible to have multiple standing waves simul-
taneously in an air column. True or false?

 10. We only get an interference pattern when two sources are 
in phase. True or false?

 11. When we double the intensity of a sound source, by what 
value does the sound level increase?

 12. The intensity of a sound source decreases by what factor 
when we triple the distance from the source?

 13. Sound waves can interfere
(a) spatially
(b) temporally
(c) both spatially and temporally
(d) neither spatially nor temporally

 14. The speed of sound in a gas does not depend on the type 
of gas. True or false?

prOBLEMS By SECTION
For problems, star ratings will be used (★, ★★, or ★★★), 
with more stars meaning more challenging problems. The fol-
lowing codes will indicate if  d∙dx differentiation, ∫ integration, 

 numerical approximation, or  graphical analysis will 
be required to solve the problem.

Section 15-1 Sound Waves
 15. ★ A wave is observed to have a frequency of 1000 Hz in 

air. What is the wavelength?
 16. ★★ When the bulk modulus increases by 10%, by what 

factor does the speed of sound change?
 17. ★ A depth sounder on a boat sends out a pulse and lis-

tens for the echo from the bottom. The water is 30 m 
deep. How long will it take for the echo to come back?
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the source is

 I 5
P

4pr2  (15-29)

where P is the total power radiated by the source.

Doppler Effect
When a source and a receiver are in motion relative to each 
other, the frequency detected by the receiver is not the same 
as the frequency emitted by the source. For sound waves,

 fr 5
y 6 yr

y 7 ys
 fs (15-30)

where fs is the frequency of the source, fr is the frequency at 
the receiver, y is the speed of sound in air, and yr and ys are 
the speed of the receiver and the source, respectively, relative 
to the air. When the motion is toward, we use the top sign, 
and when the motion is away, we use the bottom sign.

(15-27)

kEy TErMS
beat, beat frequency, blueshift, bulk modulus, decibel, 
Doppler effect, Hubble constant, Hubble’s law, Huygens’ 
principle, intensity, isotropically, plane waves, redshift, sound 
level, spherical wave

 12. The intensity of a sound source decreases by what factor 
when we triple the distance from the source?

 13. Sound waves can interfere
(a) spatially
(b) temporally
(c) both spatially and temporally
(d) neither spatially nor temporally

 14. The speed of sound in a gas does not depend on the type 
of gas. True or false?

prOBLEMS By SECTION
For problems, star ratings will be used (★, ★★, or ★★★), 
with more stars meaning more challenging problems. The fol-
lowing codes will indicate if  d∙dx differentiation, ∫ integration, 

 numerical approximation, or  graphical analysis will 
be required to solve the problem.

Section 15-1 Sound Waves
 15. ★ A wave is observed to have a frequency of 1000 Hz in 

air. What is the wavelength?
 16. ★★ When the bulk modulus increases by 10%, by what 

factor does the speed of sound change?
 17. ★ A depth sounder on a boat sends out a pulse and lis-

tens for the echo from the bottom. The water is 30 m 
deep. How long will it take for the echo to come back?
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 52. ★★ A plane wave is normally incident on a boundary 
where the speed of sound changes. The wave travels from 
a medium in which the speed of sound is 1200 m/s to 
a medium in which the speed of sound is 400 m/s. The 
incident wave has a frequency of 440 Hz.
(a) What is the period of a 440 Hz wave?
(b) How far will a wave front travel in the second 

medium during the time from part (a)?
(c) What is the wavelength in the second medium?
(d) What is the frequency in the second medium? 

(Hint: Use the speed and the wavelength from 
part (c).)

 53. ★★ The Bay of Fundy has some of the highest tides 
in the world, with a tidal range as large as 15 m. The 
bay behaves like a resonator that is open at one end and 
closed at the other. The Bay of Fundy is approximately 
270 km long, and the tidal period is approximately 12.5 h.  
Assuming that the tide corresponds to the lowest-fre-

ay 

COMprEhENSIVE prOBLEMS
 42. ★ At large concerts, it is sometimes disconcerting to 

observe the musicians moving apparently out of sync 
with the music. This results from the time it takes the 
sound to travel from the stage to you. When the musi-
cians are playing at 100 beats/min, at what distance from 
the stage will they appear to be one full beat behind?

 43. ★ While camping, you observe a lightning bolt, and 4.0 s  
later you hear the associated thunder. How far away is 
the strike?

 44. ★ Two sound sources differ in sound level by 20 dB. Find 
the ratio of their
(a) displacement amplitudes
(b) pressure amplitudes
(c) intensities

 45. ★★★ Two sound waves of frequency 200 Hz travel in 
the x-direction. One has a displacement amplitude of  

W
aves a

n
d

 
O

scillatiO
n

s

   In this chapter we argued that for a point source, the 
intensity drops off  as 1/r2. The basis for this argument 
is that the sound energy is radiated isotropically. If  you 
surround a point source with a sphere that is centred on 
the source, the radiated energy will be uniformly spread 
out over the surface of the sphere, which has an area 
of ~r2. Extend this reasoning to predict how the inten-
sity would drop off  versus distance from a very long line 
sound source such as a busy highway. Hint: Consider 
what type of surface you could surround a line with so 
that the sound energy is uniform over the surface.

DATA-rICh prOBLEM
 68. ★★★ You have been hired by an environmental con-

sulting frm to do a noise analysis for a quarry opera-
tion. The operation uses two trucks, a drill, and a 
crusher. The manufacturers of the equipment provided 
the specifcations in Table 15-5 for the sound level of the 
various pieces of equipment. Local bylaws specify that 
the maximum sound level at the perimeter of the quarry 
property not exceed 85 dB. How close to the perimeter 
can the quarry operate all these devices simultaneously?

  

equipment Sound Level at 10 m

Truck   85 dB

Drill 110 dB

Crusher 110 dB

Table 15-5 Data for Problem 68

OpEN prOBLEM
 69. ★★★ Many of us have heard the effect that can be pro-

duced by inhaling helium and speaking. The speaker’s 
voice is shifted to higher frequencies. Discuss the physics 
behind this effect.

 62. ★★ A typical audio amplifer does not have the same 
gain at all frequencies. An amplifer is rated 100.0 W at 
1.0 kHz. The manufacturer specifes that the output falls 
by 3.0 dB when the frequency output is 20 kHz. What 
power can the amplifer produce at 20 kHz?

 63. ★★★ Show that we still get beats if  we add a phase con-
stant to each of the two waves in Equation 15-22.

 64. ★★ You have been asked to design a set of pipes for an 
organ. Assuming that the pipes have one open end and 
one closed end, calculate the lengths you will need to go 
from 440 Hz (A4) to 880 Hz (A5).

 65. ★ The Ha line for a particular galaxy is observed to 
occur at l r 5 6800.0 3 10210 m. How fast is this galaxy 
receding from us, and, using Hubble’s Law, how far away 
is it?

 66. ★★★ Lasers are used to “cool” atoms down in atomic 
traps. The lasers are tuned to have a frequency that is 
slightly below an absorption frequency of the atom. 
If  the atom is drifting toward the laser, the laser light 
appears to be Doppler-shifted up, and the atom can 
absorb a photon. The photon carries momentum in the 
direction of the beam and thus the atom slows down 
when it absorbs the photon, but it will be in an excited 
state. The atom will then emit a photon to get back down 
to its lowest-energy state, but this photon will be emitted 
in a random direction. Hence, 50% of the time the atom 
will slow further in the direction parallel to the beam and 
50% of the time it will speed up again but, on average, it 
will slow down, since it always slows when it absorbs the 
photon.

   An Na atom is in such a trap and we hope to cool it 
using a transition that occurs at 589.6 nm. The atom is 
moving at 560 m/s. How much below the 589.6 nm wave-
length should we tune the laser?

 67. ★★★ You may have noticed that you can hear traffc on 
a busy highway from a very long distance away. Another 
example is thunder, which is the sound generated by a 
long column of lightning. In both these cases, the sound 
is not a point source but is best modelled as a line source.

For the problems, star ratings are used (*, **, or ***), with more 
stars indicating more-challenging problems. New to this edi-
tion, problems now include notation to identify if they involve 
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kEy TErMS
beat, beat frequency, blueshift, bulk modulus, decibel, 
Doppler effect, Hubble constant, Hubble’s law, Huygens’ 
principle, intensity, isotropically, plane waves, redshift, sound 
level, spherical wave

8
8

 12. The intensity of a sound source decreases by what factor 
when we triple the distance from the source?

 13. Sound waves can interfere
(a) spatially
(b) temporally
(c) both spatially and temporally
(d) neither spatially nor temporally

 14. The speed of sound in a gas does not depend on the type 
of gas. True or false?

prOBLEMS By SECTION
For problems, star ratings will be used (★, ★★, or ★★★), 
with more stars meaning more challenging problems. The fol-
lowing codes will indicate if  d∙dx differentiation, ∫ integration, 

 numerical approximation, or  graphical analysis will 
be required to solve the problem.

Section 15-1 Sound Waves
 15. ★ A wave is observed to have a frequency of 1000 Hz in 

air. What is the wavelength?
 16. ★★ When the bulk modulus increases by 10%, by what 

factor does the speed of sound change?
 17. ★ A depth sounder on a boat sends out a pulse and lis-

tens for the echo from the bottom. The water is 30 m 
deep. How long will it take for the echo to come back?
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 differentiation, 
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kEy TErMS
beat, beat frequency, blueshift, bulk modulus, decibel, 
Doppler effect, Hubble constant, Hubble’s law, Huygens’ 
principle, intensity, isotropically, plane waves, redshift, sound 
level, spherical wave

8
8

 12. The intensity of a sound source decreases by what factor 
when we triple the distance from the source?

 13. Sound waves can interfere
(a) spatially
(b) temporally
(c) both spatially and temporally
(d) neither spatially nor temporally

 14. The speed of sound in a gas does not depend on the type 
of gas. True or false?

prOBLEMS By SECTION
For problems, star ratings will be used (★, ★★, or ★★★), 
with more stars meaning more challenging problems. The fol-
lowing codes will indicate if  d∙dx differentiation, ∫ integration, 

 numerical approximation, or  graphical analysis will 
be required to solve the problem.

Section 15-1 Sound Waves
 15. ★ A wave is observed to have a frequency of 1000 Hz in 

air. What is the wavelength?
 16. ★★ When the bulk modulus increases by 10%, by what 

factor does the speed of sound change?
 17. ★ A depth sounder on a boat sends out a pulse and lis-

tens for the echo from the bottom. The water is 30 m 
deep. How long will it take for the echo to come back?

22/11/17   1:11 AM

 integration, 
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musical instruments, musical beats, tuning musical instru-
ments, hearing safety, shock waves

level, spherical wave

QuESTIONS
 1. A sound wave is a longitudinal wave. True or false?
 2. The displacement and pressure amplitudes are

(a) in phase
(b) out of phase by 908
(c) out of phase by 1808

 3. When we double the frequency of a sound wave, by what 
factor does the wavelength change?

 4. When we double the power produced by a source, by 
what factor does the displacement amplitude of the 
resultant wave change?

 5. The angle of incidence and the angle of refection are equal 
when a sound wave refects from a boundary. True or false?

 6. When a sound wave crosses a boundary from a medium 
of high speed to one of lower speed, the wave
(a) bends toward the surface normal
(b) bends away from the surface normal
(c) simply slows without changing direction

 7. We create a standing wave when we confne a wave 
between boundaries. True or false?

 8. The frequencies of standing waves in an air column are 
all integer multiples of each other. True or false?

 9. It is not possible to have multiple standing waves simul-
taneously in an air column. True or false?

 10. We only get an interference pattern when two sources are 
in phase. True or false?

 11. When we double the intensity of a sound source, by what 
value does the sound level increase?

 12. 

 13. Sound waves can interfere
(a) spatially
(b) temporally
(c) both spatially and temporally
(d) neither spatially nor temporally

 14. 
of gas. True or false?

prOBLEMS By SECTION
For problems, star ratings will be used (

lowing codes will indicate if  d∙dx
 numerical approximation, or 

be required to solve the problem.

Section 15-1 Sound Waves
 15. ★ 

air. What is the wavelength?
 16. ★★

 17. ★ 
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 numerical approxima-
tion, and/or 
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kEy TErMS
beat, beat frequency, blueshift, bulk modulus, decibel, 
Doppler effect, Hubble constant, Hubble’s law, Huygens’ 
principle, intensity, isotropically, plane waves, redshift, sound 
level, spherical wave

ESTIONS
A sound wave is a longitudinal wave. True or false?
The displacement and pressure amplitudes are
(a) in phase
(b) out of phase by 908
(c) out of phase by 1808
When we double the frequency of a sound wave, by what 
factor does the wavelength change?
When we double the power produced by a source, by 
what factor does the displacement amplitude of the 
resultant wave change?
The angle of incidence and the angle of refection are equal 
when a sound wave refects from a boundary. True or false?
When a sound wave crosses a boundary from a medium 
of high speed to one of lower speed, the wave
(a) bends toward the surface normal
(b) bends away from the surface normal
(c) simply slows without changing direction
We create a standing wave when we confne a wave 
between boundaries. True or false?
The frequencies of standing waves in an air column are 
all integer multiples of each other. True or false?
It is not possible to have multiple standing waves simul-
taneously in an air column. True or false?
We only get an interference pattern when two sources are 
in phase. True or false?
When we double the intensity of a sound source, by what 
value does the sound level increase?

 12. The intensity of a sound source decreases by what factor 
when we triple the distance from the source?

 13. Sound waves can interfere
(a) spatially
(b) temporally
(c) both spatially and temporally
(d) neither spatially nor temporally

 14. The speed of sound in a gas does not depend on the type 
of gas. True or false?

prOBLEMS By SECTION
For problems, star ratings will be used (★, ★★, or ★★★), 
with more stars meaning more challenging problems. The fol-
lowing codes will indicate if  d∙dx differentiation, ∫ integration, 

 numerical approximation, or  graphical analysis will 
be required to solve the problem.

Section 15-1 Sound Waves
 15. ★ A wave is observed to have a frequency of 1000 Hz in 

air. What is the wavelength?
 16. ★★ When the bulk modulus increases by 10%, by what 

factor does the speed of sound change?
 17. ★ A depth sounder on a boat sends out a pulse and lis-

tens for the echo from the bottom. The water is 30 m 
deep. How long will it take for the echo to come back?
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Why should you study physics? One reason is that physics 
helps us answer amazing questions. For example, 

physics has provided a remarkably detailed picture of what 
the universe is like and how it has developed over time. The 
Hubble Space Telescope produced the image in Figure 1-1. 
The image shows an area of the sky equivalent to what you 
would cover if you held a 1 mm square at arm’s length. Yet 
this image shows about 10 000 galaxies, and each galaxy typi-
cally contains 100 billion stars. In the hundred years since the 
first evidence of the existence of galaxies, observations and 
theoretical calculations by numerous physicists have provided 
strong evidence that the evolution of the universe started in a 
“big bang” about 13.8 billion years ago, when the universe was 
infinitesimally small, almost infinitely dense, and incredibly hot.

Like cosmology, aspects of research in particle physics, 
quantum mechanics, and relativity can be fascinating because 
they challenge our common-sense ideas. However, discov-
eries in these fields have also led to numerous extremely useful 
applications. For example, atomic physics underlies medical 
imaging technologies from simple X-rays to the latest MRIs and 
CAT scans. In fact, physics concepts are the basis for almost 
all technologies, including energy production and telecommuni-
cations. As you explore this book, each chapter will bring a new 
answer to the question, “Why should physics matter to me?”

Chapter 

1
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When you have completed this chapter, you should be 
able to

 Lo1 Define what we mean by physics in your own 
words.

 Lo2 List the types of possible errors, and differen-
tiate between precision and accuracy.

 Lo3 Calculate the mean, standard deviation, and 
standard deviation of the mean (SDOM) for data 
sets, and correctly use 6 notation and error 
bars.

 Lo4 Correctly apply significant digits rules to  
calculated quantities.

 Lo5 Convert quantities to and from scientific 
notation.

 Lo6 State SI units, and write the units and their 
abbreviations correctly.

 Lo7 Apply dimensional analysis to determine if a 
proposed relationship is possible.

 Lo8 Perform unit conversions.

 Lo9 List and explain reasons why we make  
approximations in physics.

 Lo10 Make reasonable order-of-magnitude estimates 
and solve open problems.

Learning 
objectives

Figure 1-1 A tiny part of the night sky captured with incred-
ible detail by the Hubble Space Telescope.
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1-1  What Is Physics?

We will start this chapter by considering the nature 
of physics, and what differentiates physics from other 
areas of study.

The domain of physics is the physical universe The 
domain of physics extends from the smallest sub-
atomic particles to the universe as a whole. Physics 
does not seek to answer questions of religion, litera-
ture, or social organization. While physics is creative, 
and we may refer to the art of physics and recognize 
artistic beauty in conceptual frameworks, there is a 
fundamental difference between art and physics. Art 
can be created in any form envisioned by the artist, but 
physics must comply with the nature of the physical 
universe. Nor is mathematics or philosophy the same 
as physics. Most argue that for something to be consid-
ered physics, it must, at least potentially, be validated 
through observations and measurements. Not everyone 
in physics agrees about this last point. There has been 
recent debate about whether aspects of string theory 
and multiverses (parallel universes) are properly con-
sidered physics.

Physics is a quantitative discipline Although there are 
a few topics in physics where our understanding is cur-
rently mainly qualitative, overall, measurement and 

calculation play critical roles in developing and testing 
physics ideas. Most physicists spend more time per-
forming computations than they spend on any other 
single aspect of physics. Although all sciences and engi-
neering are increasingly mathematically sophisticated, 
most would agree that physics is the most mathematical 
of the sciences.

Associated with quantitative reasoning must be 
the recognition that there is an inherent uncertainty 
in any measured quantity. Later in this chapter we will 
explore how to determine the uncertainty in common 
situations and to express that uncertainty in how you 
write a number.

Physics uses equations extensively to express ideas You 
should view physics equations as a shorthand nota-
tion for the theories and relationships they represent. 
While we can express physics concepts in words, it is 
more efficient, particularly in situations simultane-
ously involving a number of  different physics ideas, 
to use equation notation. You will need to develop 
proficiency in manipulating equations and deriving 
relationships from basic principles. Applying physics, 
though, is not simply selecting from a large pool of 
established equations. You should always ask your-
self  whether a relationship is applicable to the situa-
tion, and what assumptions are inherent in using any 
particular equation. It is a good idea to start every 
problem by considering the physics concepts that 

Figure 1-2 Director General at CERN Fabiola Gianotti.

Italian physicist Fabiola Gianotti (Figure 1-2) was until 
recently the scientific spokesperson for the ATLAS experiment 
at the LHC at CERN (Conseil Européen pour la Recherche 
Nucléaire) and she is now Director General at CERN, arguably 
the world’s most important scientific undertaking. Even during 
her university studies, Fabiola Gianotti was undecided between 
a career in the creative arts, in philosophy, in other sciences, 
or in physics. She is a skilled pianist and studied piano at the 
Milan Conservatory. She is quoted as saying that her interest 
in philosophy helped her see that asking the right questions 
was critical, a view that has shaped her success in physics. She 
feels that it is sometimes misunderstood how close physics is to 
the arts: “… art and physics are much closer than you would 
think. Art is based on very clear, mathematical principles like 
proportion and harmony. At the same time, physicists need to 
be inventive, to have ideas, to have some fantasy.” She is excited 
about the progress that physics has made in understanding our 
universe but realizes that much remains to be done: “… what 
we know is really very, very little compared to what we still 
have to know.”
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may be helpful, rather than starting with equations. 
Although equations form the language of  physics, the 
heart of  physics is made up of  the physical concepts 
the equations represent. An analogy might be you and 
your name; it is efficient for others to refer to you by 
your name, but the important thing is who you are, 
not your name.

Models, predictions, and validation Physicists develop 
hypotheses and models based on patterns recog-
nized in observations and experiments. From these 

hypotheses and models they develop predictions 
that can be tested with further measurements. If  the 
additional measurements are not consistent with the 
predictions, our model must be wrong, or at least 
inadequate. It is important to realize that “proof” in 
physics is never absolute. We can prove that a model 
or hypothesis is wrong through predictions and exper-
iments, but we cannot prove it is absolutely right. We 
do develop confidence in models that have been used 
for many predictions, all of  which have been found 
consistent with experiment, but that is not the same as 

The 2009 Nobel Prize in Physics was awarded to three scien-
tists: the late Canadian Willard S. Boyle and the American 
George E. Smith for the invention of the charge coupled device 
(CCD) (see Figure 1-3), and Charles Kuen Kao from China for 
work leading to fibre-optic communication. Born in Amherst, 
Nova Scotia, Willard Boyle studied at McGill University 
before working at Bell Laboratories in New Jersey, where he 
and Smith made the first CCD.

The CCD is a semiconductor device with many rows, 
each consisting of  a large number of  tiny cells that accumu-
late an electric charge proportional to the light intensity at 
each cell (see Chapter 22). The CCD is the heart of  digital 
cameras. A fundamental obstacle to digital imaging was that 
it was not practical to connect one wire to each of  the mil-
lions of  pixels that make up the digital image. This problem 
was overcome through the CCD invented by Dr. Boyle and 
colleagues.

The key idea is that the electric charge, representing the 
brightness of the image, is passed from one cell to the next. It is 
as though you have a line of people, each with a number written 
on a piece of paper, and you want to read out the codes from 
all of the papers. One approach is to have each person hand 
their paper to the person beside them in sequence, all down 
a line, and collect all the papers at a single point. The cells in 
a CCD do this with electric charge—a sequence of voltage 
pulses applied to the CCD cells causes the charge in each cell to 
transfer to the next cell in the row. The charge sequence leaving 
the last cell produces a signal that corresponds to the light that 
was focused on all the different cells in the line (signals can 
be moved from line to line in a similar manner). This signal is 
amplified to make an electronic record of the image that was 
stored as charge on the CCD.

CCD imaging has many advantages over film, including 
substantially greater sensitivity, linearity (meaning twice as much 
light produces twice as much signal), and the ability to be remotely 
operated, essential for applications such as space cameras. CCDs 
are the heart of all space telescopes and many medical instru-
ments, as well as consumer devices containing digital cameras.

MAKING CoNNECtIoNS

The CCD: Applied Physics and a Nobel Prize

Figure 1-3 (a) An image of Comet 67P/Churyumov–Gerasimenko taken with a charge coupled device (CCD) digital camera on the ESA 
Rosetta mission. (b) Willard Boyle (left) and George Smith in 1970, shortly after their invention of the CCD.
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Source: (a) European Space Agency – ESA. This work is licenced under the Creative Commons Attribution-ShareAlike 3.0 IGO (CC BY-SA 3.0 IGO) licence: http://creativecommons.
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The 2015 Nobel Prize in Physics went to another Canadian 
scientist with deep Nova Scotia roots. Art McDonald (Figure 
1-4) was born in Sydney, Nova Scotia, and, following B.Sc. 
and M.Sc. degrees in physics at Dalhousie University, he com-
pleted a Ph.D. at the California Institute of Technology. After 
positions at Chalk River, Princeton, and Queen’s University, 
he became the director of the SNO (Sudbury Neutrino 
Observatory).

The Sun is powered by nuclear fusion processes deep in 
its core. These nuclear reactions are predicted to produce tiny, 
electrically uncharged particles called neutrinos (the word 
comes from the Italian for “little neutral one”). Neutrinos are 
very difficult to detect, since they pass through most objects 
without interaction. For example, many billions of neutrinos 
from the Sun pass through your fingernail every second! Later 
in this book (Chapters 30, 34, and 35), you will learn much 
more about neutrinos and nuclear reactions. The early neutrino 
detection measurements consistently revealed a lower number 

of neutrinos than predicted by nuclear models, and this was 
called the solar neutrino problem.

Located deep underground within a former nickel mine 
in Sudbury, the SNO collaboration built a sensitive detector 
for neutrinos (Figure 1-4). Ultimately, researchers there 
were able to show that the resolution of  the solar neutrino 
problem was that neutrinos could change from one variety 
to another during passage from the Sun to Earth (there are 
three types of  neutrinos, and detectors are usually sensitive 
only to one type).

The 2015 Nobel Prize in Physics was awarded jointly and 
equally to Art McDonald of SNO and to Takaaki Kajita of 
Japan, who had studied neutrinos produced from cosmic rays 
using the Super-Kamiokande neutrino detector. Together the 
two groups clearly showed that neutrino oscillations took 
place, with one type of neutrino transforming into another. 
This in turn implied that even though the neutrino mass is very 
tiny, it must not be zero.

MAKING CoNNECtIoNS

The Neutrino and the 2015 Nobel Prize

Figure 1-4 On left is a portion of the neutrino detector at SNO, and at right is Art McDonald, co-recipient of the 2015 Nobel Prize in 
Physics.
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saying we are sure the model will hold up in all pos-
sible future experiments and situations. For example, 
in Chapter 30 you will learn about general relativity 
and see that it has been used to predict a number of 
results that are contrary to common sense. Most of 
these have now been tested, and passed those tests, so 
we do have confidence in general relativity, but that is 
not the same as saying we are sure the theory is neces-
sarily complete.

Physics seeks explanations with the greatest sim-
plicity and widest realm of application Those from 
outside physics often view physics, incorrectly, as a 
collection of  a large number of  laws. Rather, physics 

seeks to explain the physical universe and all that it 
contains using a limited number of  relationships. 
For example, we only need to invoke four types of 
interactions to explain all forces in physics: gravi-
tation, electromagnetism, weak nuclear forces, and 
strong nuclear forces. Many physicists believe that 
ultimately these can be brought together as different 
aspects of  a single unified theory. In your study 
of  physics it is critical to keep in mind this goal  
of  applying core theoretical ideas in a wide variety of 
situations. We suggest that at the end of  each chapter 
you try to express the key concepts as concisely as 
possible, repeating this exercise for the entire book 
near the end of  your course.
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Physics interfaces strongly with other sciences The study 
of physics is increasingly interdisciplinary, with many 
physicists working in areas that span physics and other 
disciplines, for example, medical physics, biophysics, 
chemical physics, materials science, geophysics, or phys-
ical environmental science. Also, many scientists in other 
fields use physics as part of their everyday work.

Successful physicists are good communicators Whether 
writing experiment reports, scientific papers, or grant 
applications, or communicating with classes or the 
general public, scientists must have effective and 
flexible communication skills. You will probably be 
surprised at how much of  your time as a physicist is 
spent in some form of  communication, and also at the 
breadth of  audiences you will serve. For example, in 
a typical month you may find yourself  presenting to a 
policy institute, speaking at a local school, presenting 
at a scientific conference, and providing comment 
to reporters on a scientific development. Indeed, a 
number of  physicists are well-known communicators 
of  science, people such as Brian Cox, Brian Greene, 
Michio Kaku, Lawrence Krauss, Lisa Randall, and 
Neil deGrasse Tyson.

In this textbook, we provide a way for you to check 
your understanding of key concepts, relationships, and 
techniques. Each section of every chapter will have at 
least one checkpoint, the first of which (on the nature 
of physics) follows. You should test your understanding 
before reading further and then check your answer with 
the upside-down response at the bottom of the check-
point. Physics is a highly sequential subject, and mas-
tery of one concept is often needed to understand the 
next concept.

Physicists need to be creative Physicists design experi-
ments, find applications for physical principles, and 
develop new models and theories. Some philosophers 
of science have asked whether the electron was invented 
or discovered. Such questioning stresses that, while 
there is a part of physics that is independent of the 
observer, the specific models we develop to help under-
stand nature critically depend on the creativity and 
imagination of physicists. It is not surprising that many 
physicists are also interested in other creative pursuits, 
such as music and art.

Physics is a highly collaborative discipline Most physi-
cists routinely work with colleagues from other coun-
tries, often using international research facilities. Pick 
up a physics research journal and you will see that the 
majority of papers are written by collaborations of 
scientists from different institutions and countries. For 
example, the ATLAS (A Toroidal LHC Apparatus) 
LHC (Large Hadron Collider) experiment is a collabo-
ration of more than 3000 researchers from more than 
40 different countries. The LIGO (Laser Interferometer 
Gravitational-Wave Observatory) scientific collabora-
tion includes more than 1000 scientists. Because of its 
collaborative nature, interpersonal and leadership skills 
are critical for success in physics.

Physics is both deeply theoretical and highly applied  
Some physicists work exclusively in fundamental 
areas that have no immediate application, whereas 
others concentrate on solving applied problems. Very 
often work initially deemed to have little practical 
use turns out to have important applications. For 
example, in 1915, Albert Einstein published a new 
theory of  gravitation called general relativity. When 
general relativity was developed, it had no foresee-
able practical applications. Today, however, the 
Global Positioning System (GPS) would be hope-
lessly inaccurate without corrections for the gravita-
tional effects predicted by general relativity theory 
(see Chapter 30).

Physics involves many skills Through the study of 
physics you can learn critical thinking, computational, 
and analytical skills that can be applied beyond the sci-
ences and engineering. You will use leading-edge tech-
nologies such as 3-D models and printing, digital signal 
analysis, automated control systems, digital image 
analysis, visualization, symbolic algebra, and powerful 
computational software in physics, learning techniques 
that have broad application. For example, a number 
of physicists find employment developing economic 
and investment models for financial institutions, while 
others find positions in computing and technological 
fields, including game development, media special 
effects, quality control, and advanced manufacturing 
support.

What Is Physics?
Which of the following activities most accurately describes 
the realm of physics?

(a) Making conjectures about the universe that can be 
neither proved nor disproved

(b) Proposing and testing physical models by collecting 
experimental data

(c) Suggesting a theory that is only applicable to inter-
acting galaxies

(d) Defining virtual environment properties in a game 
environment

CHECKPoINt 1-1

Answer: (b) is the best answer, incorporating aspects of data collection, models, predic-
tion, and testing. The realm of physics is concerned with matters that can, at least poten-
tially, be proved or disproved. Therefore, the first answer is eliminated. While physicists 
certainly study galaxy interactions, a theory that only applies to one part of the universe 
would not be physics, where we seek relationships with broad application. A physics back-
ground would be useful for those developing virtual environments for games, but the work 
itself is not physics.




