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Preface to the Student

From Me to You

The most incomprehensible thing about the universe is that it is comprehensible.
—Albert Einstein

The day I went into physics class it was death.
—Sylvia Plath, The Bell Jar

Let’s have a little chat before we start. A rather one-sided chat, admittedly, because
you can’t respond, but that’s OK. I’ve talked with many of your fellow students over
the years, so I have a pretty good idea of what’s on your mind.

What’s your reaction to taking physics? Fear and loathing? Uncertainty? Excite-
ment? All of the above? Let’s face it, physics has a bit of an image problem on campus.
You’ve probably heard that it’s difficult, maybe downright impossible unless you’re
an Einstein. Things that you’ve heard, your experiences in other science courses, and
many other factors all color your expectations about what this course is going to be
like.

It’s true that there are many new ideas to be learned in physics and that the course,
like college courses in general, is going to be much faster paced than science courses
you had in high school. I think it’s fair to say that it will be an intense course. But we
can avoid many potential problems and difficulties if we can establish, here at the
beginning, what this course is about and what is expected of you—and of me!

Just what is physics, anyway? Physics is a way of thinking about the physical
aspects of nature. Physics is not better than art or biology or poetry or religion, which
are also ways to think about nature; it’s simply different. One of the things this course
will emphasize is that physics is a human endeavor. The ideas presented in this book
were not found in a cave or conveyed to us by aliens; they were discovered and devel-
oped by real people engaged in a struggle with real issues. I hope to convey to you
something of the history and the process by which we have come to accept the princi-
ples that form the foundation of today’s science and engineering.

You might be surprised to hear that physics is not about “facts.” Oh, not that facts
are unimportant, but physics is far more focused on discovering relationships that
exist between facts and patterns that exist in nature than on learning facts for their
own sake. As a consequence, there’s not a lot of memorization when you study
physics. Some—there are still definitions and equations to learn—but less than in
many other courses. Our emphasis, instead, will be on thinking and reasoning. This is
important to factor into your expectations for the course.

Perhaps most important of all, physics is not math! Physics is much broader. We’re
going to look for patterns and relationships in nature, develop the logic that relates
different ideas, and search for the reasons why things happen as they do. In doing
so, we’re going to stress qualitative reasoning, pictorial and graphical reasoning, and
reasoning by analogy. And yes, we will use math, but it’s just one tool among many.

It will save you much frustration if you’re aware of this physics—math distinction up
front. Many of you, I know, want to find a formula and plug numbers into it—that is,
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(a) X-ray diffraction pattern

(b) Electron diffraction pattern

to do a math problem. Maybe that worked in high school science courses, but it is not
what this course expects of you. We’ll certainly do many calculations, but the specific
numbers are usually the last and least important step in the analysis.

Physics is about recognizing patterns. For example, the top photograph is an x-ray
diffraction pattern showing how a focused beam of x rays spreads out after passing
through a crystal. The bottom photograph shows what happens when a focused beam
of electrons is shot through the same crystal. What does the obvious similarity in these
two photographs tell us about the nature of light and the nature of matter?

As you study, you’ll sometimes be baffled, puzzled, and confused. That’s perfectly
normal and to be expected. Making mistakes is OK too if you’re willing to learn from
the experience. No one is born knowing how to do physics any more than he or she
is born knowing how to play the piano or shoot basketballs. The ability to do physics
comes from practice, repetition, and struggling with the ideas until you “own” them
and can apply them yourself in new situations. There’s no way to make learning
effortless, at least for anything worth learning, so expect to have some difficult
moments ahead. But also expect to have some moments of excitement at the joy of
discovery. There will be instants at which the pieces suddenly click into place and you
know that you understand a powerful idea. There will be times when you’ll surprise
yourself by successfully working a difficult problem that you didn’t think you could
solve. My hope, as an author, is that the excitement and sense of adventure will far
outweigh the difficulties and frustrations.

Getting the Most Out of Your Course

Many of you, I suspect, would like to know the “best” way to study for this course.
There is no best way. People are different, and what works for one student is less
effective for another. But I do want to stress that reading the text is vitally important.
Class time will be used to clarify difficulties and to develop tools for using the knowl-
edge, but your instructor will not use class time simply to repeat information in the
text. The basic knowledge for this course is written down on these pages, and the
number-one expectation is that you will read carefully and thoroughly to find and
learn that knowledge.

Despite there being no best way to study, I will suggest one way that is successful
for many students. It consists of the following four steps:

1. Read each chapter before it is discussed in class. I cannot stress too strongly
how important this step is. Class attendance is much more effective if you are
prepared. When you first read a chapter, focus on learning new vocabulary, defi-
nitions, and notation. There’s a list of terms and notations at the end of each
chapter. Learn them! You won’t understand what’s being discussed or how the
ideas are being used if you don’t know what the terms and symbols mean.

2. Participate actively in class. Take notes, ask and answer questions, and partici-
pate in discussion groups. There is ample scientific evidence that active partici-
pation is much more effective for learning science than passive listening.

3. After class, go back for a careful re-reading of the chapter. In your second
reading, pay closer attention to the details and the worked examples. Look for
the logic behind each example (I've highlighted this to make it clear), not just at
what formula is being used. Do the Student Workbook exercises for each section
as you finish your reading of it.

4. Finally, apply what you have learned to the homework problems at the end
of each chapter. I strongly encourage you to form a study group with two or
three classmates. There’s good evidence that students who study regularly with
a group do better than the rugged individualists who try to go it alone.
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WITH MODERN PHYSICS

DYNAMICS WORKSHEET Name —_ pusiem.

Did someone mention a workbook? The companion Student Workbook is a vital
part of the course. Its questions and exercises ask you to reason qualitatively, to use
graphical information, and to give explanations. It is through these exercises that you
will learn what the concepts mean and will practice the reasoning skills appropriate to
the chapter. You will then have acquired the baseline knowledge and confidence you
need before turning to the end-of-chapter homework problems. In sports or in music,
you would never think of performing before you practice, so why would you want to
do so in physics? The workbook is where you practice and work on basic skills.

Many of you, I know, will be tempted to go straight to the homework problems and
then thumb through the text looking for a formula that seems like it will work. That
approach will not succeed in this course, and it’s guaranteed to make you frustrated
and discouraged. Very few homework problems are of the “plug and chug” variety
where you simply put numbers into a formula. To work the homework problems suc-
cessfully, you need a better study strategy—either the one outlined above or your
own—that helps you learn the concepts and the relationships between the ideas.

A traditional guideline in college is to study two hours outside of class for every
hour spent in class, and this text is designed with that expectation. Of course, two hours
is an average. Some chapters are fairly straightforward and will go quickly. Others
likely will require much more than two study hours per class hour.

Getting the Most Out of Your Textbook

Your textbook provides many features designed to help you learn the concepts of
physics and solve problems more effectively.

= give step-by-step procedures for particular skills, such as inter-
preting graphs or drawing special diagrams. Tactics Box steps are explicitly illus-
trated in subsequent worked examples, and these are often the starting point of a
full Problem-Solving Strategy.

Drawing a free-body diagram @ Evaluating line integrals
© Identify all forces acting on the object. This step was described in Tactics QIf B is everywhere pelyendicula: to a
Box 5.2. line, the line integral of B is
@ Draw a coordinate system. Use the axes defined in your pictorial representation. f
©® Represent the object as a dot at the origin of the coordinate axes. This is J B-dv=0
the particle model. i
@ Draw vectors representing each of the identified forces. This was de- @ If B is everywhere tangent to a line of
scribed in Tactics Box 5.1. Be sure to label each force vector. length [ and has the same magnitude B at
© Draw and label the net force vector F. Draw this vector beside the diagram, every point, then
not on the particle. Or, if appropriate, write F,., = 0. Then check that F ., points
in the same direction as the acceleration vector @ on your motion diagram. u Boar
Exercises 24-29 m [ *

B

Exercises 23-24



Xviii Preface to the Student

1. The wave is
Mirror M, divided at
this point.
!

| /° Mirror M,
/ .

—\—
/ \ L, Adjustment
/ \V4 \ 7 screw
3. The detector measures 2. The returning
the superposition of the waves recombine
two waves that have at this point.
traveled different paths.

Annotated FIGURE showing the operation
of the Michelson interferometer.

are provided for each broad class of problems—
problems characteristic of a chapter or group of chapters. The strategies follow
a consistent four-step approach to help you develop confidence and proficient
problem-solving skills:

Dynamics problems @

Make simplifying assumptions.
Draw a pictorial representation.

® Show important points in the motion with a sketch, establish a coordinate
system, define symbols, and identify what the problem is trying to find.

® Use a motion diagram to determine the object’s acceleration vector d.

Identify all forces acting on the object at this instant and show them on a free-

body diagram.

It’s OK to go back and forth between these steps as you visualize the situation.

The mathematical representation is based on Newton’s second law:
Bo= S =
The vector sum of the forces is found directly from the free-body diagram.
Depending on the problem, either

® Solve for the acceleration, then use kinematics to find velocities and posi-
tions; or
® Use kinematics to determine the acceleration, then solve for unknown forces.

Check that your result has the correct units, is reasonable, and answers
the question.
Exercise 22

Worked EXAMPLES illustrate good problem-solving practices through the consistent
use of the four-step problem-solving approach and, where appropriate, the Tactics
Box steps. The worked examples are often very detailed and carefully lead you
through the reasoning behind the solution as well as the numerical calculations. A
careful study of the reasoning will help you apply the concepts and techniques to
the new and novel problems you will encounter in homework assignments and on
exams.

NOTE » paragraphs alert you to common mistakes and point out useful tips for
tackling problems.

STOP TO THINK questions embedded in the chapter allow you to quickly assess
whether you’ve understood the main idea of a section. A correct answer will give
you confidence to move on to the next section. An incorrect answer will alert you
to re-read the previous section.

Blue annotations on figures help you better understand what the figure is showing.
They will help you to interpret graphs; translate between graphs, math, and pic-
tures; grasp difficult concepts through a visual analogy; and develop many other
important skills.

Pencil sketches provide practical examples of the figures you should draw yourself
when solving a problem.

(a) (b)

i

el -

= | K + Uy

gi

=K + Ug
Fiind: v,

Pencil-sketch FIGURE showing a toboggan going down a hill
and its energy bar chart.



m Each chapter begins with a Chapter Preview, a visual outline of the chapter ahead
with recommendations of important topics you should review from previous
chapters. A few minutes spent with the Preview will help you organize your
thoughts so as to get the most out of reading the chapter.

® Schematic Chapter Summaries help you organize what you have learned into a
hierarchy, from general principles (top) to applications (bottom). Side-by-side pic-
torial, graphical, textual, and mathematical representations are used to help you
translate between these key representations.

® Part Overviews and Summaries provide a global framework for what you are
learning. Each part begins with an overview of the chapters ahead and concludes
with a broad summary to help you to connect the concepts presented in that set of
chapters. tables in the Part Summaries, similar to the
Chapter Summaries, help you to see the forest rather than just the trees.

SUMMARY Newton’s Laws
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Particle, acceleration, force, interaction
How does a particle respond to a force? How do objects interact?

The goal of Chapter 27 has been to understand and apply Gauss's law.

Newton’s first law An object will remain at rest or will continue to move with constant velocity
(equilibrium) if and only if F,, = 0.

General Principles

Newton’s second law  Fi, = md

Gauss's Law Symmetr, ¢ 2 3
Y y Newton’s third law Fyong = ~Feona
For any closed surface enclosing net charge Q. the net electric flux through The symmetry of the electric field must match the
the surface is symmetry of the charge distribution.
.= f Beai=2n In practice, B, is computable only if the symmetry
: < pltictasintanaticlhc iy tudes of the two members of an action/reaction pair.

charge distribution.
The electric flux &, is the same for any closed surface enclosing charge Q. Linear motion
SVF, = ma, SE=0

Important Concepts SE=0 T S

Charge creates the electric field that
is responsible for the electric flux.

Linear and trajectory kinematics
Uniform acceleration: v, = v,, +a, At

(a, = constant) 5

Flux is the amount of electric field i Surface integrals calculate the flux by summing the fluxes

2+ 2a,A
passing through a surface of area A: through many small pieces of the surface: A, 88

Vi~

O, =E-4 ] @, = Si-8k g E Trajectories: The same equations are used for both x and y.
where A is the area vector. Uniform motion: sp= 8+ v, At
= JE“”‘ (a = 0, v, = constant)

For closed surfaces:
A net flux in or out indicates that

i+ v, At +3a, (Ar?

the surface encloses a net charge.

Field lines through but with no
net flux mean that the surface
encloses no net charge.

Two important situations: General case
I the electric field is everywhere
tangent to the surface, then

D=0

If the electric field is everywhere
perpendicular to the surface and has
the same strength £ at all points, then

v, = dsldi = slope of the position graph
a, = dv,/dt = slope of the velocity graph

Ve = Vit J agdt = v, + area under the acceleration curve

@, = EA ?

Applications

Conductors in electrostatic equilibrium
+ The electric field is zero at all points within the conductor.
+ Any excess charge resides entirely on the exterior surface.

+ The external electric field is perpendicular to the surface and of magnitude /e, where 7 is the
surface charge density.

+ The electric field is zero inside any hole within a conductor unless there is a charge in the hole.

Now that you know more about what is expected of you, what can you expect
of me? That’s a little trickier because the book is already written! Nonetheless, the
book was prepared on the basis of what I think my students throughout the years
have expected—and wanted—from their physics textbook. Further, I've listened to
the extensive feedback I have received from thousands of students like you, and their
instructors, who used the first and second editions of this book.

You should know that these course materials—the text and the workbook—are
based on extensive research about how students learn physics and the challenges they
face. The effectiveness of many of the exercises has been demonstrated through exten-
sive class testing. I’ve written the book in an informal style that I hope you will find
appealing and that will encourage you to do the reading. And, finally, I have endeav-
ored to make clear not only that physics, as a technical body of knowledge, is relevant
to your profession but also that physics is an exciting adventure of the human mind.

I hope you’ll enjoy the time we’re going to spend together.

Se= s+ J v,dt = s, + area under the velocity curve

Circular motion
> F = mvr = mo’r

> F, = 0orma,

SE=0

Circular kinematics
Uniform circular motion:

T =2mrlv =27lw

Nonuniform circular motion:

o= w, + aAt

0= 60, + w; At + Ta(Ar)?

wf = o +2aA0

BASIC PROBLEM-SOLVING STRATEGY Use Newton’s second law for each particle or object. Use Newton’s third law to equate the magni-



Introduction

Journey into Physics

Said Alice to the Cheshire cat,

“Cheshire-Puss, would you tell me, please, which way I ought to go from here?”
“That depends a good deal on where you want to go,” said the Cat.

“I don’t much care where—" said Alice.

“Then it doesn’t matter which way you go,” said the Cat.

—Lewis Carroll, Alice in Wonderland

Have you ever wondered about questions such as

Why is the sky blue?
Why is glass an insulator but metal a conductor?

What, really, is an atom?

These are the questions of which physics is made. Physicists try to understand the
universe in which we live by observing the phenomena of nature—such as the sky
being blue—and by looking for patterns and principles to explain these phenomena.
Many of the discoveries made by physicists, from electromagnetic waves to nuclear
energy, have forever altered the ways in which we live and think.

You are about to embark on a journey into the realm of physics. It is a journey in
which you will learn about many physical phenomena and find the answers to ques-
tions such as the ones posed above. Along the way, you will also learn how to use
physics to analyze and solve many practical problems.

As you proceed, you are going to see the methods by which physicists have come
to understand the laws of nature. The ideas and theories of physics are ‘n6t arbitrary;
they are firmly grounded in experiments and measurements. By the time you finish
this text, you will be able to recognize the evidence upon which our present knowledge
of the universe is based.

Which Way Should We Go?

We are rather like Alice in Wonderland, here at the start of the journey, in that we must
decide which way to go. Physics is an immense body of knowledge, and without spe-
cific goals it would not much matter which topics we study. But unlike Alice, we do
have some particular destinations that we would like to visit.

The physics that provides the foundation for all of modern science and engineering
can be divided into three broad categories:

® Particles and energy.
= Fields and waves.
B The atomic structure of matter.

A particle, in the sense that we’ll use the term, is an idealization of a physical
object. We will use particles to understand how objects move and how they interact
with each other. One of the most important properties of a particle or a collection of
particles is energy. We will study energy both for its value in understanding physical
processes and because of its practical importance in a technological society.

A scanning tunneling microscope allows
us to “see” the individual atoms on a
surface. One of our goals is to understand
how an image such as this is made.
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Atoms are held close together
by weak molecular bonds, but

they can slide around each other.

—

iquid

Particles are discrete, localized objects. Although many phenomena can be under-
stood in terms of particles and their interactions, the long-range interactions of gravity,
electricity, and magnetism are best understood in terms of fields, such as the gravita-
tional field and the electric field. Rather than being discrete, fields spread continuously
through space. Much of the second half of this book will be focused on understanding
fields and the interactions between fields and particles.

Certainly one of the most significant discoveries of the past 500 years is that matter
consists of atoms. Atoms and their properties are described by quantum physics, but
we cannot leap directly into that subject and expect that it would make any sense. To
reach our destination, we are going to have to study many other topics along the way—
rather like having to visit the Rocky Mountains if you want to drive from New York to
San Francisco. All our knowledge of particles and fields will come into play as we end
our journey by studying the atomic structure of matter.

The Route Ahead

Here at the beginning, we can survey the route ahead. Where will our journey take us?
What scenic vistas will we view along the way?

Parts I and II, Newron’s Laws and Conservation Laws, form the basis of what is
called classical mechanics. Classical mechanics is the study of motion. (It is called
classical to distinguish it from the modern theory of motion at the atomic level, which
is called quantum mechanics.) The first two parts of this textbook establish the basic
language and concepts of motion. Part I will look at motion in terms of particles and
forces. We will use these concepts to study the motion of everything from accelerating
sprinters to orbiting satellites. Then, in Part II, we will introduce the ideas of momentum
and energy. These concepts—especially energy—will give us a new perspective on
motion and extend our ability to analyze motion. |

Part III, Applications of Newtonian Mechanics, will | ’
pause to look at four important applications of classi- AL
cal mechanics: Newton’s theory of gravity, rotational
motion, oscillatory motion, and the motion of fluids. 6 5
Only oscillatory motion is a prerequisite for later

chapters. Your instructor may choose to cover some
or all of the other chapters, depending upon the time

available, but your study of Parts [V-VII will not be Q

hampered if these chapters are omitted.

Part IV, Thermodynamics, extends the ideas of par-

ticles and energy to systems such as liquids and gases

that contain vast numbers of particles. Here we will

look for connections between the microscopic behavior of large numbers of atoms and
the macroscopic properties of bulk matter. You will find that some of the properties
of gases that you know from chemistry, such as the ideal gas law, turn out to be direct
consequences of the underlying atomic structure of the gas. We will also expand the
concept of energy and study how energy is transferred and utilized.



Waves are ubiquitous in nature, whether they be large-scale oscillations like ocean waves,
the less obvious motions of sound waves, or the subtle undulations of light waves and
matter waves that go to the heart of the atomic structure of matter. In Part V, Waves
and Optics, we will emphasize the unity of wave physics and find that many diverse
wave phenomena can be analyzed with the same concepts and mathematical language.
Light waves are of special interest, and we will end this portion of our journey with an
exploration of optical instruments, ranging from microscopes and telescopes to that most
important of all optical instruments—your eye.

Positive terminal Part VI, Electricity and Magnetism, is devoted
U = qAVbal

to the electromagnetic force, one of the most
important forces in nature. In essence, the elec-
tromagnetic force is the “glue” that holds
atoms together. It is also the force that makes
this the “electronic age.” We’ll begin this part
of the journey with simple observations of sta-
tic electricity. Bit by bit, we’ll be led to the
basic ideas behind electrical circuits, to mag-
netism, and eventually to the discovery of elec-
tromagnetic waves.

AVbcll

Increasing U —>

Zeiagve terminal Part VII is Relativity and Quantum Physics.
L We’ll start by exploring the strange world
The charge escalator “lifts” charge from the £ Ei in’s th £ relativi 1d i
negative side to the positive side. Charge g of Einstein's theory of relativity, a world 1n
gains energy AU = gAV, which space and time aren’t quite what they
appear to be. Then we will enter the micro-
scopic domain of atoms, where the behaviors
of light and matter are at complete odds with what our common sense tells us is pos-
sible. Although the mathematics of quantum theory quickly gets beyond the level of
this text, and time will be running out, you will see that the quantum theory of atoms
and nuclei explains many of the things that you learned simply as rules in chemistry.

bat*

We will not have visited all of physics on our travels. There just isn’t time. Many
exciting topics, ranging from quarks to black holes, will have to remain unexplored.
But this particular journey need not be the last. As you finish this text, you will have
the background and the experience to explore new topics further in more advanced
courses or for yourself.

With that said, let us take the first step.

Introduction  XXXi

Rarefaction Compression

Loudspeaker A

Individual molecules oscillate back
and forth with displacement D. As
they do so, the compressions propagate
forward at speed v, ... Because
compressions are regions of higher
pressure, a sound wave can be thought
of as a pressure wave.

This picture of an atom would need to be 10 m
in diameter if it were drawn to the same scale as
the dot representing the nucleus.

Atom

~10m .

Nucleus
~ 10 “m

Nucleons
(protons and neutrons)

~ 10" m
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Motion can be
exhilarating
and beautiful.
These sailboats
are responding
to forces of
wind, water,
and the weight
of the crew as
they balance
precariously on
the edge.




OVERVIEW
Why Things Change

Each of the seven parts of this book opens with an overview to give you a look ahead,
a glimpse at where your journey will take you in the next few chapters. It’s easy to
lose sight of the big picture while you’re busy negotiating the terrain of each chapter.
In Part I, the big picture, in a word, is change.

Simple observations of the world around you show that most things change, few
things remain the same. Some changes, such as aging, are biological. Others, such as
sugar dissolving in your coffee, are chemical. We’re going to study change that in-
volves motion of one form or another—the motion of balls, cars, and rockets.

There are two big questions we must tackle:

® How do we describe motion? It is easy to say that an object moves, but it’s not
obvious how we should measure or characterize the motion if we want to analyze it
mathematically. The mathematical description of motion is called kinematics, and
it is the subject matter of Chapters 1 through 4.

® How do we explain motion? Why do objects have the particular motion they do?
Why, when you toss a ball upward, does it go up and then come back down rather
than keep going up? Are there “laws of nature” that allow us to predict an object’s
motion? The explanation of motion in terms of its causes is called dynamics, and it
is the topic of Chapters 5 through 8.

Two key ideas for answering these questions are force (the “cause”) and accelera-
tion (the “effect”). A variety of pictorial and graphical tools will be developed in
Chapters 1 through 5 to help you develop an intuition for the connection between force
and acceleration. You’ll then put this knowledge to use in Chapters 5 through 8 as you
analyze motion of increasing complexity.

Another important tool will be the use of models. Reality is extremely complicated.
We would never be able to develop a science if we had to keep track of every little de-
tail of every situation. A model is a simplified description of reality—much as a model
airplane is a simplified version of a real airplane—used to reduce the complexity of
a problem to the point where it can be analyzed and understood. We will introduce
several important models of motion, paying close attention, especially in these earlier
chapters, to where simplifying assumptions are being made, and why.

The “laws of motion” were discovered by Isaac Newton roughly 350 years ago, so
the study of motion is hardly cutting-edge science. Nonetheless, it is still extremely
important. Mechanics—the science of motion—is the basis for much of engineering
and applied science, and many of the ideas introduced here will be needed later to un-
derstand things like the motion of waves and the motion of electrons through circuits.
Newton’s mechanics is the foundation of much of contemporary science, thus we will
start at the beginning.
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Motion takes many forms. The
snowboarder seen here is an
example of translational motion.

» Looking Ahead The goal of Chapter 1 is to introduce the fundamental concepts of motion.

The Chapter Preview

Each chapter will start with an overview
of the material to come. You should read
these chapter previews carefully to get a
sense of the road ahead.

Arrows show the flow of ideas in
the chapter.

Ahesd

A chapter preview is a visual presentation
that outlines the big ideas and the organiza-
tion of the chapter that is to come.

The chapter previews not only let you
know what is coming, they also help you
make connections with material you have
already seen.

4 Looking Back

Each Looking Back box tells you what
material from previous chapters is
especially important for understanding
the new chapter. Reviewing this material
will enhance your learning.

Describing Motion

Before solving problems about motion, we first must a
learn to describe motion. In this chapter, you’ll learn ~ o= > > >e
to describe motion with

. . =T N 2 =T N\
B Motion diagrams ¢ g

g -‘ T ) oY
B Graphs ¥ T x
B Pictures Xo» Vow T Xy Vi
Known

In Chapter 2, these tools will become the basis
of a powerful problem-solving strategy.

Motion concepts that we’ll introduce in
this chapter include position, velocity, and

acceleration.

Vectors

Numbers alone aren’t always enough;
sometimes the direction of a quantity
is also important. We use vectors to
represent quantities, such as velocity,
that have both a size and a direction.

You will learn to use
a graphical technique
to add and subtract
vectors. Chapter 3
will explore vectors in
more detail.

X =V =1 =0
a,=20m/s> 1,=20s
Find

2

Units and Significant

Figures

Calculations in physics
are most commonly
done using ST units—
known more informally
as the metric system.
The basic units needed
in the study of motion
are the meter (m), the second (s), and the
kilogram (kg).

The kilogram.

A significant figure is a digit that is reli-
ably known. You will learn the rules for
using significant figures correctly.



1.1 Motion Diagrams

Motion is a theme that will appear in one form or another throughout this entire book.
Although we all have intuition about motion, based on our experiences, some of
the important aspects of motion turn out to be rather subtle. So rather than jumping
immediately into a lot of mathematics and calculations, this first chapter focuses on
visualizing motion and becoming familiar with the concepts needed to describe a
moving object. Our goal is to lay the foundations for understanding motion.

FIGURE 1.1 Four basic types of motion.

Linear motion

Rotational motion

Projectile motion

As a starting point, let’s define motion as the change of an object’s position with
time. FIGURE 1.1 shows four basic types of motion that we will study in this book. The
first three—linear, circular, and projectile motion—in which the object moves through
space are called translational motion. The path along which the object moves, whether
straight or curved, is called the object’s trajectory. Rotational motion is somewhat
different in that rotation is a change of the object’s angular position. We’ll defer rota-
tional motion until later and, for now, focus on translational motion.

Making a Motion Diagram

An easy way to study motion is to make a movie of a moving object. A movie camera,
as you probably know, takes photographs at a fixed rate, typically 30 photographs every
second. Each separate photo is called a frame, and the frames are all lined up one after
the other in a filmstrip. As an example, FIGURE 1.2 shows four frames from the movie of a
car going past. Not surprisingly, the car is in a somewhat different position in each frame.

Suppose we cut the individual frames of the filmstrip apart, stack them on top of
each other, and project the entire stack at once onto a screen for viewing. The result
is shown in FIGURE 1.3. This composite photo, showing an object’s position at several
equally spaced instants of time, is called a motion diagram. As the example below
shows, we can define concepts such as at rest, constant speed, speeding up, and slow-
ing down in terms of how an object appears in a motion diagram.

NOTE » It’s important to keep the camera in a fixed position as the object moves by.
Don’t “pan” it to track the moving object. 4

1.1 - Motion Diagrams 3

FIGURE 1.2 Four frames from the movie
of a car.

FIGURE 1.3 A motion diagram of the car
shows all the frames simultaneously.

=
)

The same amount of time elapses
between each image and the next.
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Examples of motion diagrams

@ An object that occupies only a single position
in a motion diagram is at rest.

A stationary ball on the ground.

Images that are equally spaced indicate an
g g g g object moving with constant speed.

A skateboarder rolling down the sidewalk.

An increasing distance between the images
%ﬁ {g % shows that the object is speeding up.

A sprinter starting the 100 meter dash.

A decreasing distance between the images
shows that the object is slowing down.

® @)=

A car stopping for a red light.

=] @ i) A more complex motion shows aspects of
® both slowing down (as the ball rises) and
speeding up (as the ball falls).

A jump shot from center court.

STOP TO THINK 1.1 'Which car is going faster, A or B? Assume there are equal intervals of time between
the frames of both movies.

C= N =

Car A Car B

NOTE » Each chapter will have several Stop to Think questions. These questions are
designed to see if you’ve understood the basic ideas that have been presented. The
answers are given at the end of the chapter, but you should make a serious effort to
think about these questions before turning to the answers. If you answer correctly,
and are sure of your answer rather than just guessing, you can proceed to the next
section with confidence. But if you answer incorrectly, it would be wise to reread
the preceding sections before proceeding onward. <«

1.2 The Particle Model

For many types of motion, such as that of balls, cars, and rockets, the motion of the
object as a whole is not influenced by the details of the object’s size and shape. All
we really need to keep track of is the motion of a single point on the object, so we can
treat the object as if all its mass were concentrated into this single point. An object
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that can be represented as a mass at a single point in space is called a particle. A FIGURE 1.4 Motion diagrams in which

particle has no size, no shape, and no distinction between top and bottom or between ~ the object is represented as a particle.

front and back. (a) Motion diagram of a rocket launch
It we treat an object as a particle, we can represent the object in each frame of a i@

motion diagram as a simple dot rather than having to draw a full picture. FIGURE 1.4

shows how much simpler motion diagrams appear when the object is represented as

a particle. Note that the dots have been numbered 0, 1, 2, . . . to tell the sequence in
which the frames were exposed. Numbers show
the order in 3@
which the frames
Using the Particle Model were exposed.
Treating an object as a particle is, of course, a simplification of reality. As we noted in \\ Tl
the Part I Overview, such a simplification is called a model. Models allow us to focus S 1@
on the important aspects of a phenomenon by excluding those aspects that play only a ooe
minor role. The particle model of motion is a simplification in which we treat a mov-
ing object as if all of its mass were concentrated at a single point. The particle model (b) Motion diagram of a car stopping
is an excellent approximation of reality for the translational motion of cars, planes, ° x ° e oo
rockets, and similar objects. In later chapters, we’ll find that the motion of more com- 0 A \ 2 34

plex objects, which cannot be treated as a single particle, can often be analyzed as if \X l

the object Wel‘f.: a collection of particles. . . . . . The same zim()unl of time elapses
Not all motions can be reduced to the motion of a single point. Consider a rotating between each image and the next.

gear. The center of the gear doesn’t move at all, and each tooth on the gear is moving

in a different direction. Rotational motion is qualitatively different than translational

motion, and we’ll need to go beyond the particle model later when we study rotational

motion.
STOFTOTHINKT.2 " Three motion diagrams are () oo ®) 0® © 0@
shown. Which is a dust particle settling to the 1@
floor at constant speed, which is a ball dropped ’e )
from the roof of a building, and which is a de- 1e
scending rocket slowing to make a soft landing e 2e
on Mars? ‘e ’e
4@
40 3e
4@
5@ 5@ 5@

1.3 Position and Time

As we look at a motion diagram, it would be useful to know where the object is (i.e.,
its position) and when the object was at that position (i.e., the time). Position measure-
ments can be made by laying a coordinate system grid over a motion diagram. You
can then measure the (x, y) coordinates of each point in the motion diagram. Of course,
the world does not come with a coordinate system attached. A coordinate system is an
artificial grid that you place over a problem in order to analyze the motion. You place
the origin of your coordinate system wherever you wish, and different observers of a
moving object might all choose to use different origins. Likewise, you can choose the
orientation of the x-axis and y-axis to be helpful for that particular problem. The con-
ventional choice is for the x-axis to point to the right and the y-axis to point upward,
but there is nothing sacred about this choice. We will soon have many occasions to tilt
the axes at an angle.

Time, in a sense, is also a coordinate system, although you may never have thought of
time this way. You can pick an arbitrary point in the motion and label it “# = 0 seconds.”
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FIGU
mea
diag

(a)

¥ (m) added to the

RE 1.5 Position and time
surements made on the motion
ram of a basketball.

The ball’s

position in

frame 4 can be

specified with
" coordinates.

A coordinate
system has been

motion diagram. K
12—{/ 15s @4 y)=(12m,9m)
/
94=---- ----e
1.0s 20s
64 @ e
05s , 255
34 I
I
0.0 I
08" ——x (m)

(b)

.; T T
0N3 6 9 12 15

The frame at r = 0 s is frame 0.

Alternatively, the position
vector specifies the distance
and direction from the origin.

(“ ° L] Frame 4

This is simply the instant you decide to start your clock or stopwatch, so it is the origin
of your time coordinate. Different observers might choose to start their clocks at differ-
ent moments. A movie frame labeled “¢# = 4 seconds” was taken 4 seconds after you
started your clock.

We typically choose ¢ = 0 to represent the “beginning” of a problem, but the object
may have been moving before then. Those earlier instants would be measured as nega-
tive times, just as objects on the x-axis to the left of the origin have negative values of
position. Negative numbers are not to be avoided; they simply locate an event in space
or time relative to an origin.

To illustrate, FIGURE 1.5a shows an xy-coordinate system and time information su-
perimposed over the motion diagram of a basketball. You can see that the ball’s
position is (x4, y4) = (12 m, 9 m) at time #, = 2.0 s. Notice how we’ve used sub-
scripts to indicate the time and the object’s position in a specific frame of the motion
diagram.

NOTE » The frame at t = 0 is frame 0. That is why the fifth frame is labeled 4. <«

Another way to locate the ball is to draw an arrow from the origin to the point repre-
senting the ball. You can then specify the length and direction of the arrow. An arrow
drawn from the origin to an object’s position is called the position vector of the object,
and it is given the symbol 7. FIGURE 1.58 shows the position vector 7, = (15 m, 37°).

The position vector 7 does not tell us anything different than the coordinates (x, y).
It simply provides the information in an alternative form. Although you’re more fa-
miliar with coordinates than with vectors, you will find that vectors are a useful way
to describe many concepts in physics.

A Word About Vectors and Notation

Some physical quantities, such as time, mass, and temperature, can be described com-
pletely by a single number with a unit. For example, the mass of an object is 6 kg and
its temperature is 30°C. A physical quantity described by a single number (with a unit)
is called a scalar quantity. A scalar can be positive, negative, or zero.

Many other quantities, however, have a directional quality and cannot be de-
scribed by a single number; T o7deseribes thesmotion.ofsa car, for example, you must
specify not only how fast it is moving, but also the direction in which it is moving. A
vector quantity is a quantity having both a size (the “How far?” or “How fast?”) and
adirection (the “Which way?”). The size or length of a vector is called its magnitude.
The magnitude of a vector can be positive or zero, but it cannot be negative. Vec-
tors will be studied thoroughly in Chapter 3, so all we need for now is a little basic
information.

We indicate a vector by drawing an arrow over the letter that represents the quan-
tity. Thus 7 and A are symbols for vectors, whereas r and A, without the arrows, are
symbols for scalars. In handwritten work you must draw arrows over all symbols that
represent vectors. This may seem strange until you get used to it, but it is very impor-
tant because we will often use both 7 and 7, or both A and K, in the same problem, and
they mean different things! Without the arrow, you will be using the same symbol with
two different meanings and will likely end up making a mistake. Note that the arrow
over the symbol always points to the right, regardless of which direction the actual
vector points. Thus we write 7 or A, never ¥ or A.

Displacement

Consider the following:

Sam is standing 50 feet (ft) east of the corner of 12th Street and Vine. He then walks
northeast for 100 ft to a second point. What is Sam’s change of position?



FIGURE 1.6 shows Sam’s motion in terms of position vectors. Sam’s initial position is
the vector 7, drawn from the origin to the point where he starts walking. Vector 7,
is his position after he finishes walking. You can see that Sam has changed position,
and a change of position is called a displacement. His displacement is the vector
labeled A7. The Greek letter delta (A) is used in math and science to indi cate the
change in a quantity. Here it indicates a change in the position 7.

NOTE B A7 is a single symbol. You cannot cancel out or remove the A in algebraic
operations. <

FIGURE 1.6 Sam undergoes a displacement A7 from position 7, to position 7,.

N 2. After Sam walks 100 ft
é / northeast, his new position is 7,.
/ End

1. The origin is chosen to be
at the corner. Position
vectors are drawn from the
origin. "\

3. Sam’s displacement AFis
+" the vector drawn from his
starting position to his ending
position.

Origin

| 7, | Start

50 feet

Displacement is a vector quantity; it requires both a length and a direction to de-
scribe it. Specifically, the displacement A7 is a vector drawn from a starting position
to an ending position. Sam’s displacement is written

A7 = (100 ft, northeast)

The length, or magnitude, of a displacement vector is simply the straight-line distance
between the starting and ending positions.

Sam’s final position in Figure 1.6, vector 7 |» can be seen as a combination of where
he started, vector 7, plus the vector A7 representing his change of position. In fact, 7,
is the vector sum of vectors 7, and A7. This is written

Fo=TPo+ A7 (1.1)

Notice, however, that we are adding vector quantities, not numbers. Vector addition is
a different process from “regular” addition. We’ll explore vector addition more thor-
oughly in Chapter 3, but for now you can add two vectors A and B with the three-step
procedure shown in Tactics Box 1.1.

Vector addition

To add B to A: i © Draw 4. /
/ B A
A

® Place the tail of i
B at the tip of A.

® Draw an arrow from A
the tail of A to the

tip of B. This is
vector A + B.

oL

oo

1.3 - Position and Time

7
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FIGURE 1.7 Sam’s displacement A7
is unchanged by using a different
coordinate system.

The displacement vector
is not affected by the
choice of origin.

End

Start 7
«44 o
50 feet New origin

FIGURE 1.8 The negative of a vector.

B -
-B

Vector —B has the same length as
B but points in the opposite direction.

2

.¢ B+ (75) = 0 because the sum
returns to the starting point.

The zero vector 0 has no length.

To subtract B from A:

If you examine Figure 1.6, you’ll see that the steps of Tactics Box 1.1 are exactly
how 7, and A7 are added to give 7.

NOTE B A vector is not tied to a particular location on the page. You can move a

vector around as long as you don’t change its length or the direction it points. Vec-
= -

tor B is not changed by sliding it to where its tail is at the tip of A. <

In Figure 1.6, we chose arbitrarily to put the origin of the coordinate system at
the corner. While this might be convenient, it certainly is not mandatory. FIGURE 1.7
shows a different choice of where to place the origin. Notice something interesting.
The initial and final position vectors 7, and 7, have become new vectors 7, and 75,
but the displacement vector A7 has not changed! The displacement is a quantity
that is independent of the coordinate system. In other words, the arrow drawn from
one position of an object to the next is the same no matter what coordinate system
you choose.

This observation suggests that the displacement, rather than the actual position, is
what we want to focus on as we analyze the motion of an object. Equation 1.1 told us
that 7, = 7, + A7. This is easily rearranged to give a more precise definition of dis-
placement: The displacement AF of an object as it moves from an initial position
7, to a final position 7 is

Graphically, AT is a vector arrow drawn from position ; to position 7;. The dis-
placement vector is independent of the coordinate system.

NOTE - To be more general, we’ve written Equation 1.2 in terms of an initial posi-
tion and a final position, indicated by subscripts i and f. We’ll frequently use i and f
when writing general equations, then use specific numbers or values, such as 0 and
1, when working a problem. «

This definition of A7 involves vector subtraction. With numbers, subtraction is
the same as the addition of a negative number. That is, 5 — 3 is the same as 5 + (—3).
Similarly, we can use the rules for vector addition to find A-B=A4+ (71_3)) if we
first define what we mean by —B. As FiGURE 1.8 shows, the negative of vector Bis
a vector with the same length but p01nt1ng 1n the opposite direction. This makes
sense because B — B = B + (— B) 0 where 0 a vector with zero length, is called
the zero vector.

Vector subtraction O

© Draw A.
/ B
A
(2} Pl;ice the tail of .
—B at the tip of A.

® Draw an arrow from
the tail of A to the
tip of —B. This is
vector A — B.
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FIGURE 1.9 uses the vector subtraction rules of Tactics Box 1.2 to prove that the dis-
placement A7 is simply the vector connecting the dots of a motion diagram.

FIGURE 1.9 Using vector subtraction to find A7 =7, — 7.

(@ (b)

f _~Two dots of f

®° amotion diagram @ Draw —7, at the __— Finally, slide A7 back
to the motion diagram.
It is a vector from

dot i to dot f.

Position
T vectors
> 2 \
Fe— T \
\
© Draw 7, — 7. This O Ruwds
is AF.

Origin

What is the particle’s
displacement vector Ar?

Application to Motion Diagrams

The first step in analyzing a motion diagram is to determine all of the displacement FIGURE 1.10 Motion diagrams with the

vectors. As Figure 1.9 shows, the displacement vectors are simply the arrows connect- displacement vectors.

ing each dot to the next. Label each arrow with a vector symbol AF,, starting with (a) Rocket launch

n = 0. FIGURE 1.10 shows the motion diagrams of Figure 1.4 redrawn to include the o

displacement vectors. You do not need to show the position vectors. ]
:

NOTE » When an object either starts from rest or ends at rest, the initial or final
dots are as close together as you can draw the displacement vector arrow connect-
ing them. In addition, just to be clear, you should write “Start” or “Stop” beside
the initial or final dot. It is important to distinguish stopping from merely slowing
down. «

Now we can conclude, more precisely than before, that, as time proceeds:

B An object is speeding up if its displacement vectors are increasing in length.
B An object is slowing down if its displacement vectors are decreasing in length.
(b) Car stopping
A7, A7, AR, A7

Headfirst into the snow 0—>0—>0->0>So
top

Alice is sliding along a smooth, icy road on her sled when she suddenly runs headfirst
into a large, very soft snowbank that gradually brings her to a halt. Draw a motion dia-
gram for Alice. Show and label all displacement vectors.

moDEL Use the particle model to represent Alice as a dot.

VISUALIZE FIGURE 1.11 shows Alice’s motion diagram. The problem statement suggests
that Alice’s speed is very nearly constant until she hits the snowbank. Thus her displace-
ment vectors are of equal length as she slides along the icy road. She begins slowing
when she hits the snowbank, so the displacement vectors then get shorter until she stops.
We’re told that her stop is gradual, so we want the vector lengths to get shorter gradually
rather than suddenly.

FIGURE 1.11 Alice’s motion diagram.

Hits snowbank

A7, AF, A7, A, AF,  AF ARy
Stop
LY
\
This is motion at constant speed The displacement vectors
because the displacement vectors are getting shorter, so she’s

are a constant length. slowing down.

9
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A stopwatch is used to measure a time
interval.

The victory goes to the runner with the
highest average speed.

Time Interval

It’s also useful to consider a change in time. For example, the clock readings of two
frames of film might be #, and #,. The specific values are arbitrary because they are
timed relative to an arbitrary instant that you chose to call t = 0. But the time interval
At = t, — 1, is not arbitrary. It represents the elapsed time for the object to move from
one position to the next. All observers will measure the same value for Az, regardless
of when they choose to start their clocks.

The time interval At = t; — t; measures the elapsed time as an object moves
from an initial position 7, at time ¢, to a final position F; at time z;. The value of
At is independent of the specific clock used to measure the times.

To summarize the main idea of this section, we have added coordinate systems
and clocks to our motion diagrams in order to measure when each frame was exposed
and where the object was located at that time. Different observers of the motion may
choose different coordinate systems and different clocks. However, all observers find
the same values for the displacements A7 and the time intervals At because these are
independent of the specific coordinate system used to measure them.

1.4 Velocity

It’s no surprise that, during a given time interval, a speeding bullet travels farther than
a speeding snail. To extend our study of motion so that we can compare the bullet to
the snail, we need a way to measure how fast or how slowly an object moves.

One quantity that measures an object’s fastness or slowness is its average speed,
defined as the ratio

distance traveled d
average speed = —— — = (1.3)
time interval spent traveling Az
If you drive 15 miles (mi) in 30 minutes (% h), your average speed is
15 mi
average speed = — = 30 mph (1.4)

5h

Although the concept of speed is widely used in our day-to-day lives, it is not a
sufficient basis for a science of motion. To see why, imagine you’re trying to land a jet
plane on an aircraft carrier. It matters a great deal to you whether the aircraft carrier is
moving at 20 mph (miles per hour) to the north or 20 mph to the east. Simply knowing
that the boat’s speed is 20 mph is not enough information!

It’s the displacement A7, a vector quantity, that tells us not only the distance trav-
eled by a moving object, but also the direction of motion. Consequently, a more useful
ratio than d/At¢ is the ratio A7/Az. This ratio is a vector because A7 is a vector, so
it has both a magnitude and a direction. The size, or magnitude, of this ratio will be
larger for a fast object than for a slow object. But in addition to measuring how fast an
object moves, this ratio is a vector that points in the direction of motion.

It is convenient to give this ratio a name. We call it the average velocity, and it has
the symbol V,,,. The average velocity of an object during the time interval At, in
which the object undergoes a displacement A7, is the vector

L A7

Vaveg = E (1.5)

An object’s average velocity vector points in the same direction as the displace-
ment vector AF. This is the direction of motion.



NOTE » In everyday language we do not make a distinction between speed and
velocity, but in physics the distinction is very important. In particular, speed is
simply “How fast?”” whereas velocity is “How fast, and in which direction?” As we
go along we will be giving other words more precise meanings in physics than they
have in everyday language. «

As an example, FIGURE 1.12a shows two ships that move 5 miles in 15 minutes. Using
Equation 1.5 with Az = 0.25 h, we find

Vave o = (20 mph, north)
(1.6)
Vae B = (20 mph, cast)

Both ships have a speed of 20 mph, but their velocities are different. Notice how the
velocity vectors in FIGURE 1.12b point in the direction of motion.

NOTE » Our goal in this chapter is to visualize motion with motion diagrams. Strictly
speaking, the vector we have defined in Equation 1.5, and the vector we will show
on motion diagrams, is the average velocity Vavg. But to allow the motion diagram
to be a useful tool, we will drop the subscript and refer to the average velocity
as simply V. Our definitions and symbols, which somewhat blur the distinction
between average and instantaneous quantities, are adequate for visualization pur-
poses, but they’re not the final word. We will refine these definitions in Chapter 2,
where our goal will be to develop the mathematics of motion. <

Motion Diagrams with Velocity Vectors

The velocity vector points in the same direction as the displacement A7, and the length
of ¥ is directly proportional to the length of A¥. Consequently, the vectors connecting
each dot of a motion diagram to the next, which we previously labeled as displace-
ments, could equally well be identified as velocity vectors.

This idea is illustrated in FIGURE 1.13, which shows four frames from the motion
diagram of a tortoise racing a hare. The vectors connecting the dots are now labeled
as velocity vectors v. The length of a velocity vector represents the average speed
with which the object moves between the two points. Longer velocity vectors indi-
cate faster motion. You can see that the hare moves faster than the tortoise.

Notice that the hare’s velocity vectors do not change; each has the same length and
direction. We say the hare is moving with constant velocity. The tortoise is also mov-
ing with its own constant velocity.

Accelerating up a hill

1.4 - Velocity 11

FIGURE 1.12 The displacement vectors
and velocities of ships A and B.

(a)

A¥, = (5 mi, north)

Vavea = (20 mph, north)

~

The velocity vectors point
in the direction of motion.

-

Ve = (20 mph, east)

\ A
[ ]

FIGURE 1.13 Motion diagram of the

tortoise racing the hare.

These are average
velocity vectors. \
\

- - \ o
Yo Vi W2
.—».A:_>._>.
Hare \
- - - ‘-\
Yo Vi vy \
=P 0—P>- 0 \

Tortoise ,

i
The length of each arrow represents
the average speed. The hare moves
faster than the tortoise.

The light turns green and a car accelerates, starting from rest, up a FIGURE 1.14 Motion diagram of a car
20° hill. Draw a motion diagram showing the car’s velocity. accelerating up a hill.
moDEL Use the particle model to represent the car as a dot. This labels the whole row of PY

VIsuALIZE The car’s motion takes place along a straight line, but
the line is neither horizontal nor vertical. Because a motion dia-
gram is made from frames of a movie, it will show the object mov-
ing with the correct orientation—in this case, at an angle of 20°.
FIGURE 1.14 shows several frames of the motion diagram, where we
see the car speeding up. The car starts from rest, so the first arrow
is drawn as short as possible and the first dot is labeled “Start.”

Start

vectors as velocity vectors.
)

<

e

*The velocity vectors
are getting longer, so
the car is speeding up.

The displacement vectors have been drawn from each dot to the ~NOTE » Rather than label every single vector, it’s easier to give
next, but then they are identified and labeled as average velocity  one label to the entire row of velocity vectors. You can see this in

vectors V. Figure 1.14. <
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it's a it

Jake hits a ball at a 60° angle above horizontal. It is caught by Jose.
Draw a motion diagram of the ball.

MoDEL This example is typical of how many problems in science

of Figure 1.14, the ball is already moving as the motion diagram
movie begins. As before, the average velocity vectors are found
by connecting the dots with straight arrows. You can see that the

average velocity vectors get shorter (ball slowing down), get lon-
ger (ball speeding up), and change direction. Each v is different,
so this is not constant-velocity motion.

and engineering are worded. The problem does not give a clear
statement of where the motion begins or ends. Are we interested
in the motion of the ball just during the time it is in the air between
Jake and Jose? What about the motion as Jake hits it (ball rapidly
speeding up) or as Jose catches it (ball rapidly slowing down)? The
point is that you will often be called on to make a reasonable in-
terpretation of a problem statement. In this problem, the details of -~
hitting and catching the ball are complex. The motion of the ball

through the air is easier to describe, and it’s a motion you might \
expect to learn about in a physics class. So our interpretation is that '\

the motion diagram should start as the ball leaves Jake’s bat (ball \\
already moving) and should end the instant it touches Jose’s hand \
(ball still moving). We will model the ball as a particle.

FIGURE 1.15 Motion diagram of a ball
traveling from Jake to Jose.

The velocity vectors are straight,
not curved to follow the trajectory.

VISUALIZE With this interpretation in mind, FIGURE 1.15 shows
the motion diagram of the ball. Notice how, in contrast to the car

Jake ® Jose

<!

STOPTO THINK 1.3 A particle moves from position 1 to position 2 during the interval

At. Which vector shows the particle’s average velocity?

y

(a) (b) (© @ (o

1.5 Linear Acceleration

The goal of this chapter is to find a set of concepts with which to describe motion.
Position, time, and velocity are important concepts, and at first glance they might
appear to be sufficient. But that is not the case. Sometimes an object’s velocity is con-
stant, as it was in Figure 1.13. More often, an object’s velocity changes as it moves,
as in Figure 1.14 and 1.15. We need one more motion concept, one that will describe
a change in the velocity.

Because velocity is a vector, it can change in two possible ways:

1. The magnitude can change, indicating a change in speed; or
2. The direction can change, indicating that the object has changed direction.

We will concentrate for now on the first case, a change in speed. The car accelerating
up a hill in Figure 1.14 was an example in which the magnitude of the velocity vector
changed but not the direction. We’ll return to the second case in Chapter 4.

When we wanted to measure changes in position, the ratio A7/At was useful. This
ratio is the rate of change of position. By analogy, consider an object whose velocity
changes from ¥, to ¥, during the time interval At. Just as A¥ = 7, — ¥, is the change
of position, the quantity AV = ¥, — ¥, is the change of velocity. The ratio AV/At is
then the rate of change of velocity. It has a large magnitude for objects that speed up
quickly and a small magnitude for objects that speed up slowly.



The ratio AV/At is called the average acceleration, and its symbol is d,,,. The
average acceleration of an object during the time interval A¢, in which the object’s
velocity changes by AV, is the vector

N
- Ay

Ay = Ar (1.7)

The average acceleration vector points in the same direction as the vector AV.

Acceleration is a fairly abstract concept. Yet it is essential to develop a good intuition
about acceleration because it will be a key concept for understanding why objects move
as they do. Motion diagrams will be an important tool for developing that intuition.

NOTE » As we did with velocity, we will drop the subscript and refer to the average
acceleration as simply @. This is adequate for visualization purposes, but not the
final word. We will refine the definition of acceleration in Chapter 2. «

Finding the Acceleration Vectors on a Motion Diagram

Let’s look at how we can determine the average acceleration vector @ from a motion
diagram. From its definition, Equation 1.7, we see that @ points in the same direction as
AV, the change of velocity. This critical idea is the basis for a technique to find d.

Finding the acceleration vector

To find the acceleration as the
velocity changes from v, to v, ,
we must determine the change

-

of velocity AV =V, — V.

© Draw the velocity vector v, ;.

/

® Draw —v, at the tip of v, ;.

—

Vut1
.
.y
—7,
.
Vut1
_vll

O Draw AV =V, — V, /
= Vpi1 + (V) (/
This is the direction of a. Y

O Return to the original motion
diagram. Draw a vector at the
middle point in the direction of
AV; label it a. This is the average
acceleration at the midpoint
between v, and v, ;.

Exercises 21-24 m

)
Many Tactics Boxes will refer you to exercises in the..........="

Student Workbook where you can practice the new skill.

Notice that the acceleration vector goes beside the middle dot, not beside the veloc-
ity vectors. This is because each acceleration vector is determined as the difference
between the two velocity vectors on either side of a dot. The length of @ does not have
to be the exact length of AV it is the direction of @ that is most important.

1.5 - Linear Acceleration 13

The Audi TT accelerates from 0 to 60 mph
in6s.
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The procedure of Tactics Box 1.3 can be repeated to find d at each point in the mo-
tion diagram. Note that we cannot determine @ at the first and last points because we
have only one velocity vector and can’t find AV,

The Complete Motion Diagram

You’ve now seen several Tactics Boxes that help you accomplish specific tasks. Tactics
Boxes will appear in nearly every chapter in this book. We’ll also, where appropriate,
provide Problem-Solving Strategies.

Motion diagrams O

Represent the moving object as a particle. Make simplifying assump-
tions when interpreting the problem statement.

A complete motion diagram consists of:

B The position of the object in each frame of the film, shown as a dot. Use five
or six dots to make the motion clear but without overcrowding the picture.
More complex motions may need more dots.

B The average velocity vectors, found by connecting each dot in the motion
diagram to the next with a vector arrow. There is one velocity vector linking
each two position dots. Label the row of velocity vectors V.

B The average acceleration vectors, found using Tactics Box 1.3. There is one
acceleration vector linking each rwo velocity vectors. Each acceleration vector
is drawn at the dot between the two velocity vectors it links. Use 0 to indicate a
point at which the acceleration is zero. Label the row of acceleration vectors d.

STOPTOTHINK 1.4 A particle undergoes acceleration d while B Vo
moving from point 1 to point 2. Which of the choices shows the *t—e
velocity vector v, as the particle moves away from point 2? =

v, 2 V, 2 2 v, 2 v,

(a) (b) (©) (@)

Examples of Motion Diagrams

Let’s look at some examples of the full strategy for drawing motion diagrams.

N LIEW N The first astronauts land on Mars L
v and a point in

A spaceship carrying the first astronauts to Mars descends safely opposite directions.
to the surface. Draw a motion diagram for the last few seconds of The object is
the descent. slowing down.

=

MODEL Represent the spaceship as a particle. It’s reasonable to as-
sume that its motion in the last few seconds is straight down. The
problem ends as the spacecraft touches the surface.

VISUALIZE FIGURE 1.16 shows a complete motion diagram as the
spaceship descends and slows, using its rockets, until it comes
to rest on the surface. Notice how the dots get closer together
as it slows. The inset shows how the acceleration vector d is de-
termined at one point. All the other acceleration vectors will be
similar, because for each pair of velocity vectors the earlier one is
longer than the later one.

FIGURE 1.16 Motion diagram of a
spaceship landing on Mars. Stops
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Skiing through the woods

A skier glides along smooth, horizontal snow at constant speed, then speeds up going
down a hill. Draw the skier’s motion diagram.

MODEL Represent the skier as a particle. It’s reasonable to assume that the downhill slope
is a straight line. Although the motion as a whole is not linear, we can treat the skier’s
motion as two separate linear motions.

VISUALIZE FIGURE 1.17 shows a complete motion diagram of the skier. The dots are
equally spaced for the horizontal motion, indicating constant speed; then the dots get
farther apart as the skier speeds up going down the hill. The insets show how the average
acceleration vector d is determined for the horizontal motion and along the slope. All the
other acceleration vectors along the slope will be similar to the one shown because eacg
velocity vector is longer than the preceding one. Notice that we’ve explicitly written O
for the acceleration beside the dots where the velocity is constant. The acceleration at the
point where the direction changes will be considered in Chapter 4.

FIGURE 1.17 Motion diagram of a skier.

v and @ point in the
7 same direction. The
object is speeding up.

Notice something interesting in Figure 1.16 and 1.17. Where the object is speed-
ing up, the acceleration and velocity vectors point in the same direction. Where
the object is slowing down, the acceleration and velocity vectors point in opposite
directions. These results are always true for motion in a straight line. For motion
along a line:

B An object is speeding up if and only if ¥ and @ point in the same direction.
B An object is slowing down if and only if ¥ and @ point in opposite directions.
B An object’s velocity is constant if and only if @ = 0.

NOTE » In everyday language, we use the word accelerate to mean “speed up” and
the word decelerate to mean “slow down.” But speeding up and slowing down are
both changes in the velocity and consequently, by our definition, both are accelera-
tions. In physics, acceleration refers to changing the velocity, no matter what the
change is, and not just to speeding up. <

ICNIIRRN Tossing a ball

Draw the motion diagram of a ball tossed straight up in the air.

voDEL This problem calls for some interpretation. Should we
include the toss itself, or only the motion after the ball is re-
leased? Should we include the ball hitting the ground? It ap-
pears that this problem is really concerned with the ball’s motion
through the air. Consequently, we begin the motion diagram at

the moment that the tosser releases the ball and end the diagram
at the moment the ball hits the ground. We will consider neither
the toss nor the impact. And, of course, we will represent the ball
as a particle.

VisUALIZE We have a slight difficulty here because the ball re-
traces its route as it falls. A literal motion diagram would show

Continued

15
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the upward motion and downward motion on top of each other,
leading to confusion. We can avoid this difficulty by horizontally
separating the upward motion and downward motion diagrams.
This will not affect our conclusions because it does not change any
of the vectors. FIGURE 1.18 shows the motion diagram drawn this
way. Notice that the very top dot is shown twice—as the end point
of the upward motion and the beginning point of the downward
motion.

The ball slows down as it rises. You’ve learned that the ac-
celeration vectors point opposite the velocity vectors for an object
that is slowing down along a line, and they are shown accordingly.
Similarly, @ and ¥ point in the same direction as the falling ball
speeds up. Notice something interesting: The acceleration vectors
point downward both while the ball is rising and while it is fall-
ing. Both “speeding up” and “slowing down” occur with the same
acceleration vector. This is an important conclusion, one worth
pausing to think about.

Now let’s look at the top point on the ball’s trajectory. The
velocity vectors are pointing upward but getting shorter as the
ball approaches the top. As the ball starts to fall, the velocity
vectors are pointing downward and getting longer. There must
be a moment—just an instant as v switches from pointing up
to pointing down—when the velocity is zero. Indeed, the ball’s
velocity is zero for an instant at the precise top of the motion!

But what about the acceleration at the top? The inset shows
how the average acceleration is determined from the last upward
velocity before the top point and the first downward velocity. We
find that the acceleration at the top is pointing downward, just as it
does elsewhere in the motion.

Many people expect the acceleration to be zero at the highest

FIGURE 1.18 Motion diagram of a ball tossed straight up in
the air.

Finding a
at the top ..
This is the same

point shown twice.

The acceleration at m._,
the top is not zero.

Last velocity —— First downward
upward a velocity

Finding a
while

going up
Y Finding a
i ? while
7 going down

The upward and
downward motions are-=-fem_____
displaced for clarity. =3
They really occur ===y
along the same line. ® !

v v

acceleration. A downward-pointing acceleration vector is needed
to turn the velocity vector from up to down. Another way to think
about this is to note that zero acceleration would mean no change

point. But recall that the velocity at the top point is changing—  of velocity. When the ball reached zero velocity at the top, it
from up to down. If the velocity is changing, there must be an  would hang there and not fall if the acceleration were also zero!

1.6 Motion in One Dimension

As you’ve seen, an object’s motion can be described in terms of three fundamental
quantities: its position 7, velocity v, and acceleration d. These quantities are vec-
tors, having a direction as well as a magnitude. But for motion in one dimension, the
vectors are restricted to point only “forward” or “backward.” Consequently, we can
describe one-dimensional motion with the simpler quantities x, v,, and a, (or y, v,,
and a,). However, we need to give each of these quantities an explicit sign, positive
or negative, to indicate whether the position, velocity, or acceleration vector points
forward or backward.

Determining the Signs of Position, Velocity,
and Acceleration

Position, velocity, and acceleration are measured with respect to a coordinate system, a
grid or axis that you impose on a problem to analyze the motion. We will find it convenient
to use an x-axis to describe both horizontal motion and motion along an inclined plane. A
y-axis will be used for vertical motion. A coordinate axis has two essential features:

1. An origin to define zero; and
2. An x or y label to indicate the positive end of the axis.

We will adopt the convention that the positive end of an x-axis is to the right and
the positive end of a y-axis is up. The signs of position, velocity, and acceleration are
based on this convention.



Determining the sign of the position, velocity, and acceleration

e v, <0  Direction of motion is to the left.

(ST
<l

[ a >0

X

Acceleration vector points to the right.

vy>0

Qy

[} a <0

x

Acceleration vector points to the left.

m The sign of position (x or y) tells us where an object is.

=

a
m The sign of velocity (v, or v,) tells us which direction

the object is moving. o

ay>0

m The sign of acceleration (a, or a,) tells us which way the
acceleration vector points, not whether the object is
speeding up or slowing down.

Acceleration is where things get a bit tricky. A natural tendency is to think that a
positive value of a, or a, describes an object that is speeding up while a negative value
describes an object that is slowing down (decelerating). However, this interpretation
does not work.

Acceleration was defined as d,,, = AV/At. The direction of d can be determined by
using a motion diagram to find the direction of A¥. The one-dimensional acceleration
a, (or a,) is then positive if the vector a points to the right (or up), negative if @ points
to the left (or down).

FIGURE 1.19 shows that this method for determining the sign of a does not conform
to the simple idea of speeding up and slowing down. The object in Figure 1.19a has
a positive acceleration (a, > 0) not because it is speeding up but because the vector @
points in the positive direction. Compare this with the motion diagram of Figure 1.19b.
Here the object is slowing down, but it still has a positive acceleration (a, > 0) be-
cause d points to the right.

We found that an object is speeding up if Vand 4 point in the same direction, slow-
ing down if they point in opposite directions. For one-dimensional motion this rule
becomes:

B An object is speeding up if and only if v, and a, have the same sign.
B An object is slowing down if and only if v, and a, have opposite signs.
B An object’s velocity is constant if and only if a, = 0.

Notice how the first two of these rules are at work in Figure 1.19.

Position-versus-Time Graphs

FIGURE 1.20 is a motion diagram, made at 1 frame per minute, of a student walking to
school. You can see that she leaves home at a time we choose to call # = 0 min and
makes steady progress for a while. Beginning at # = 3 min there is a period where the

[

_— x>0 Position to right of origin. A

0

° 0

_ x<0 Position to left of origin.

0

5 y>0

@i v, >0  Direction of motion is to the right. Position above origin.

Direction of motion is up.

Acceleration vector points up.

1.6 - Motion in One Dimension 17

y<0
Position below origin.

<l

v, <0
Direction of motion is down.

a

a,<0
Acceleration vector points down.

Exercises 30-31 ﬂ

FIGURE 1.19 One of these objects

is speeding up, the other slowing
down, but they both have a positive
acceleration a,.

(a) Speeding up to the right
a

V @ @iy @ @l @
T X
0 x>0 u>0 a >0

(b) Slowing down to the left
a
V 04=0 ¢—0 ¢——@ G—9@
T X
0 x>0 v, <0 a,>0
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TABLE 1.1 Measured positions of
a student walking to school

Time ¢ (min)

Position x (m)

(=]

O 00 N AN N R W =

0
60
120
180
200
220
240
340
440
540

distance traveled during each time interval becomes less—perhaps she slowed down
to speak with a friend. Then she picks up the pace, and the distances within each in-
terval are longer.

FIGURE 1.20 The motion diagram of a student walking to school and a coordinate axis
for making measurements.

t =/0 min 1 frame per minute
O @ @ @ @ @ @ e e >
T T T T T T x (m)
0 100 200 300 400 500

Figure 1.20 includes a coordinate axis, and you can see that every dot in a motion
diagram occurs at a specific position. Table 1.1 shows the student’s positions at dif-
ferent times as measured along this axis. For example, she is at position x = 120 m at
t = 2 min.

The motion diagram is one way to represent the student’s motion. Another is to
make a graph of the measurements in Table 1.1. FIGURE 1.21a is a graph of x versus ¢ for
the student. The motion diggrans rells/ws2orly1 where2the student is at a few discrete
points of time, so this graph of the data shows only points, no lines.

NOTE » A graph of “a versus b” means that a is graphed on the vertical axis and b on
the horizontal axis. Saying “graph a versus b” is really a shorthand way of saying
“graph a as a function of b.” «

FIGURE 1.21 Position graphs of the student’s motion.

(@) (b) -
Dots show the student’s position A continuous !'”C ShOWS‘ h'Cf
x (M) ¢ discrete instants of time. x (m) position at all instants of time.
600 | 600
1 o ]
400 “ ° 400 {
i ° \
200 Tee?® 200 E
°
0 T ° T T T T T t (min) 0 1 T T T T T t (min)
2 4 6 8 10 2 8 10

However, common sense tells us the following. First, the student was somewhere
specific at all times. That is, there was never a time when she failed to have a well-
defined position, nor could she occupy two positions at one time. (As reasonable as
this belief appears to be, it will be severely questioned and found not entirely accurate
when we get to quantum physics!) Second, the student moved continuously through
all intervening points of space. She could not go from x = 100 m to x = 200 m with-
out passing through every point in between. It is thus quite reasonable to believe that
her motion can be shown as a continuous line passing through the measured points,
as shown in FIGURE 1.21b. A continuous line or curve showing an object’s position as a
function of time is called a position-versus-time graph or, sometimes, just a position
graph.

NOTE P A graph is not a “picture” of the motion. The student is walking along
a straight line, but the graph itself is not a straight line. Further, we’ve graphed
her position on the vertical axis even though her motion is horizontal. Graphs are
abstract representations of motion. We will place significant emphasis on the pro-
cess of interpreting graphs, and many of the exercises and problems will give you
a chance to practice these skills. «



Interpreting a position graph

The graph in FIGURE 1.22a represents the motion of a car along a  VISUALIZE As FIGURE 1.22b shows, the graph represents a car that
straight road. Describe the motion of the car. travels to the left for 30 minutes, stops for 10 minutes, then travels
back to the right for 40 minutes.

MODEL Represent the car as a particle.

FIGURE 1.22 Position-versus-time graph of a car.

1.7 - Solving Problems in Physics

-2. The value of x decreases for
30 min, indicating that the car
is moving to the left.

5. The car reaches the
origin at t = 80 min.

(a) (b) 1. Att = 0 min, the caris 10 km
to the right of the origin.
\ 4
VS
x (km) x(km)|  /
20 2090 / /
//
101 104 /
0 T T T 1 (min) 0
20 40 60 80
—10- ~10-
—20 —20

3. The car stops for 10 min ata position 4. The car starts moving back

20 km to the left of the origin.

1.7 Solving Problems in Physics

Physics is not mathematics. Math problems are clearly stated, such as “Whatis 2 + 27”
Physics is about the world around us, and to describe that world we must use language.
Now, language is wonderful—we couldn’t communicate without it—but language can
sometimes be imprecise or ambiguous.

The challenge when reading a physics problem is to translate the words into sym-
bols that can be manipulated, calculated, and graphed. The translation from words to
symbols is the heart of problem solving in physics. This is the point where ambigu-
ous words and phrases must be clarified, where the imprecise must be made precise,
and where you arrive at an understanding of exactly what the question is asking.

Using Symbols

Symbols are a language that allows us to talk with precision about the relationships
in a problem. As with any language, we all need to agree to use words or symbols
in the same way if we want to communicate with each other. Many of the ways we
use symbols in science and engineering are somewhat arbitrary, often reflecting
historical roots. Nonetheless, practicing scientists and engineers have come to agree
on how to use the language of symbols. Learning this language is part of learning
physics.

We will use subscripts on symbols, such as xs, to designate a particular point in the
problem. Scientists usually label the starting point of the problem with the subscript
“0,” not the subscript “1” that you might expect. When using subscripts, make sure
that all symbols referring to the same point in the problem have the same numerical
subscript. To have the same point in a problem characterized by position x; but veloc-
ity v,, is guaranteed to lead to confusion!

Drawing Pictures

You may have been told that the first step in solving a physics problem is to “draw
a picture,” but perhaps you didn’t know why, or what to draw. The purpose of

to the right at = 40 min.
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drawing a picture is to aid you in the words-to-symbols translation. Complex prob-
lems have far more information than you can keep in your head at one time. Think
of a picture as a “memory extension,” helping you organize and keep track of vital
information.

Although any picture is better than none, there really is a method for drawing pic-
tures that will help you be a better problem solver. It is called the pictorial representa-
tion of the problem. We’ll add other pictorial representations as we go along, but the
following procedure is appropriate for motion problems.

Drawing a pictorial representation O

© Draw a motion diagram. The motion diagram develops your intuition for
the motion.

@ Establish a coordinate system. Select your axes and origin to match the
motion. For one-dimensional motion, you want either the x-axis or the y-axis
parallel to the motion. The coordinate system determines whether the signs
of v and a are positive or negative.

©® Sketch the situation. Not just any sketch. Show the object at the beginning
of the motion, at the end, and at any point where the character of the mo-
tion changes. Show the object, not just a dot, but very simple drawings are
adequate.

® Define symbols. Use the sketch to define symbols representing quantities
such as position, velocity, acceleration, and time. Every variable used later in
the mathematical solution should be defined on the sketch. Some will have
known values, others are initially unknown, but all should be given symbolic
names.

@ List known information. Make a table of the quantities whose values you
can determine from the problem statement or that can be found quickly with
simple geometry or unit conversions. Some quantities are implied by the
problem, rather than explicitly given. Others are determined by your choice
of coordinate system.

® Identify the desired unknowns. What quantity or quantities will allow
you to answer the question? These should have been defined as symbols in
step 4. Don’t list every unknown, only the one or two needed to answer the
question.

It’s not an overstatement to say that a well-done pictorial representation of the
problem will take you halfway to the solution. The following example illustrates how
to construct a pictorial representation for a problem that is typical of problems you will
see in the next few chapters.

FYNVINEEN Drawing a pictorial representation

Draw a pictorial representation for the following problem: A

X coasting. These are the three sled positions sketched in FIGURE 1.23.
rocket sled accelerates horizontally at 50 m/s> for 5.0's, then

The quantities x, v,, and  are needed at each of three points, so these

coasts for 3.0 s. What is the total distance traveled?

visuALIZE The motion diagram shows an acceleration phase fol-
lowed by a coasting phase. Because the motion is horizontal, the ap-
propriate coordinate system is an x-axis. We’ve chosen to place the
origin at the starting point. The motion has a beginning, an end, and
a point where the nature of the motion changes from accelerating to

have been defined on the sketch and distinguished by subscripts.
Accelerations are associated with intervals between the points, so
only two accelerations are defined. Values for three quantities are
given in the problem statement, although we need to use the mo-
tion diagram, where a@ points to the right, and our choice of coor-
dinate system to know that a,, = +50 m/s? rather than —50 m/s>.
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The values x, = O m and ¢, = 0 s are choices we made when set-  quantity that will answer the question. We now understand quite
ting up the coordinate system. The value vy, = O m/s is part of a bit about the problem and would be ready to start a quantitative
our interpretation of the problem. Finally, we identify x, as the analysis.

FIGURE 1.23 A pictorial representation.

@ Draw a
/  motion diagram.
{
v

Q<

(=1
(=1

Known
© Sketch the situation. @ List known information. X =0m vy, =0m/s

@ Establish a / \ 1, =0s
/ Y

.
3 a,, = 50 m/s?
coordinate system. or
1

a, u_ﬁ O N ;‘::53) : <

Al 1
I { I I * =1 +30s=80s
Yo Vo lo \ Xy Vip Iy Xy V2o by

F\

~— @ Identify desired unknown. Find

--——"\0 Define symbols.

X

We didn’t solve the problem; that is not the purpose of the pictorial representation.
The pictorial representation is a systematic way to go about interpreting a problem and
getting ready for a mathematical solution. Although this is a simple problem, and you
probably know how to solve it if you’ve taken physics before, you will soon be faced
with much more challenging problems. Learning good problem-solving skills at the
beginning, while the problems are easy, will make them second nature later when you
really need them.

Representations

A picture is one way to represent your knowledge of a situation. You could also rep-
resent your knowledge using words, graphs, or equations. Each representation of
knowledge gives us a different perspective on the problem. The more tools you have
for thinking about a complex problem, the more likely you are to solve it.

There are four representations of knowledge that we will use over and over:

1. The verbal representation. A problem statement, in words, is a verbal represen-
tation of knowledge. So is an explanation that you writes
2. The pictorial representation. The pictorial representation, which we’ve just pre-
sented, is the most literal depiction of the situation.
. The graphical representation. We will make extensive use of graphs. A new building requires careful planning.
4. The mathematical representation. Equations that can be used to find the numeri-  The architect’s visualization and drawings

cal values of specific quantities are the mathematical representation. have to be complete before the detailed
procedures of construction get under

NOTE » The mathematical representation is only one of many. Much of physics is  way. The same is true for solving
more about thinking and reasoning than it is about solving equations. <« problems in physics.

w

A Problem-Solving Strategy

One of the goals of this textbook is to help you learn a strategy for solving phys-
ics problems. The purpose of a strategy is to guide you in the right direction with
minimal wasted effort. The four-part problem-solving strategy shown below—Model,
Visualize, Solve, Assess—is based on using different representations of knowledge.
You will see this problem-solving strategy used consistently in the worked examples
throughout this textbook, and you should endeavor to apply it to your own problem
solving.
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Throughout this textbook we will emphasize the first two steps. They are the phys-
ics of the problem, as opposed to the mathematics of solving the resulting equations.
This is not to say that those mathematical operations are always easy—in many cases
they are not. But our primary goal is to understand the physics.

General Problem-Solving Strategy O

It’s impossible to treat every detail of a situation. Simplify the situation
with a model that captures the essential features. For example, the object in a
mechanics problem is usually represented as a particle.

This is where expert problem solvers put most of their effort.

B Draw a pictorial representation. This helps you visualize important aspects
of the physics and assess the information you are given. It starts the process
of translating the problem into symbols.

B Use a graphical representation if it is appropriate for the problem.

B Go back and forth between these representations; they need not be done in
any particular order.

Only after modeling and visualizing are complete is it time to de-
velop a mathematical representation with specific equations that must be
solved. All symbols used here should have been defined in the pictorial
representation.

Is your result believable? Does it have proper units? Does it make sense?

Textbook illustrations are obviously more sophisticated than what you would draw
on your own paper. To show you a figure very much like what you should draw, the
final example of this section is in a “pencil sketch” style. We will include one or more
pencil-sketch examples in nearly every chapter to illustrate exactly what a good prob-
lem solver would draw.

FYNVINEEN Launching a weather rocket

Use the first two steps of the problem-solving strategy to analyze FIGURE 1.24 Pictorial representation for the rocket.
the following problem: A small rocket, such as those used for me- v
teorological measurements of the atmosphere, is launched verti- — Stop N Jk Max aifude K
cally with an acceleration of 30 m/s>. It runs out of fuel after 30 s. e Vs 4 = om
What is its maximum altitude? - f =9 s
MODEL We need to do some interpretation. Common sense tells ll lx: :nf‘ ‘;Ss
us that the rocket does not stop the instant it runs out of fuel. ﬁ‘ =02
Instead, it continues upward, while slowing, until it reaches its 4:: A omét
maximum altitude. This second half of the motion, after run- — Fuel xct g [ﬂ;"“' 1 4, <0
ning out of fuel, is like the ball that was tossed upward in the : o,
first half of Example 1.6. Because the problem does not ask 2
about the rocket’s descent, we conclude that the problem ends Ix
at the point of maximum altitude. We’ll represent the rocket as
a particle. T‘ TA_,

Z v
VISUALIZE FIGURE 1.24 shows the pictorial representation in pencil-
sketch style. The rocket is speeding up during the first half of the mo-
tion, so d,, points upward, in the positive y-direction. Thus the initial
acceleration is dg, = 30 m/s”. During the second half, as the rocket Stk oL % % 1,

slows, @, points downward. Thus a, , 18 a negative number. N3
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This information is included with the known information. Assess If you’ve had a previous physics class, you may be tempted
Although the velocity v,, wasn’t given in the problem statement,  to assign a;, the value —9.8 m/s?, the free-fall acceleration. However,
we know it must be zero at the very top of the trajectory. Last, we  that would be true only if there is no air resistance on the rocket. We
have identified y, as the desired unknown. This, of course, is not  will need to consider the forces acting on the rocket during the sec-
the only unknown in the problem, but it is the one we are specifi-  ond half of its motion before we can determine a value for a,,. For
cally asked to find. now, all that we can safely conclude is that a,, is negative. '

Our task in this section is not to solve problems—all that in due time—but to focus
on what is happening in a problem. In other words, to make the translation from words
to symbols in preparation for subsequent mathematical analysis. Modeling and the
pictorial representation will be our most important tools.

1.8 Units and Significant Figures

Science is based upon experimental measurements, and measurements require units.
The system of units used in science is called le Systeme Internationale d’Unités. These
are commonly referred to as SI units. Older books often referred to mks units, which
stands for “meter-kilogram-second,” or cgs units, which is “centimeter-gram-second.”
For practical purposes, SI units are the same as mks units. In casual speaking we often
refer to metric units, although this could mean either mks or cgs units.

All of the quantities needed to understand motion can be expressed in terms of the
three basic SI units shown in Table 1.2. Other quantities can be expressed as a combi-
nation of these basic units. Velocity, expressed in meters per second or m/s, is a ratio
of the length unit to the time unit.

Time

The standard of time prior to 1960 was based on the mean solar day. As time-keeping
accuracy and astronomical observations improved, it became apparent that the earth’s
rotation is not perfectly steady. Meanwhile, physicists had been developing a device
called an atomic clock. This instrument is able to measure, with incredibly high pre-
cision, the frequency of radio waves absorbed by atoms as they move between two
closely spaced energy levels. This frequency can be reproduced with great accuracy at
many laboratories around the world. Consequently, the SI unit of time—the second—
was redefined in 1967 as follows:

One second is the time required for 9,192,631,770 oscillations of the radio wave
absorbed by the cesium-133 atom. The abbreviation for second is the letter s.

Several radio stations around the world broadcast a signal whose frequency is
linked directly to the atomic clocks. This signal is the time standard, and any time-
measuring equipment you use was calibrated from this time standard.

Length

The SI unit of length—the meter—was originally defined as one ten-millionth of the
distance from the North Pole to the equator along a line passing through Paris. There
are obvious practical difficulties with implementing this definition, and it was later
abandoned in favor of the distance between two scratches on a platinum-iridium bar
stored in a special vault in Paris. The present definition, agreed to in 1983, is as follows:

One meter is the distance traveled by light in vacuum during 1/299,792,458 of a
second. The abbreviation for meter is the letter m.

This is equivalent to defining the speed of light to be exactly 299,792,458 m/s.
Laser technology is used in various national laboratories to implement this defini-
tion and to calibrate secondary standards that are easier to use. These standards

TABLE 1.2 The basic Sl units

Quantity Unit Abbreviation
time second s
length meter m
mass kilogram kg

An atomic clock at the National Institute of

Standards and Technology is the primary
standard of time.
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By international agreement, this metal
cylinder, stored in Paris, is the definition of
the kilogram.

TABLE 1.3 Common prefixes

Prefix Power of 10 Abbreviation

giga- 10° G
mega- 10° M
kilo- 10° k
centi- 1072 c
milli- 1073 m
micro- 107° m
nano- 107 n

TABLE 1.4 Useful unit conversions

lin = 2.54 cm

1 mi = 1.609 km

1 mph = 0.447 m/s
1 m=39.37in
1km = 0.621 mi

1 m/s = 2.24 mph

ultimately make their way to your ruler or to a meter stick. It is worth keeping in
mind that any measuring device you use is only as accurate as the care with which
it was calibrated.

Mass

The original unit of mass, the gram, was defined as the mass of 1 cubic centimeter of
water. That is why you know the density of water as 1 g/cm®. This definition proved
to be impractical when scientists needed to make very accurate measurements. The SI
unit of mass—the kilogram—was redefined in 1889 as:

One kilogram is the mass of the international standard kilogram, a polished
platinum-iridium cylinder stored in Paris. The abbreviation for kilogram is kg.

The kilogram is the only SI unit still defined by a manufactured object. Despite the
prefix kilo, it is the kilogram, not the gram, that is the SI unit.

Using Prefixes

We will have many occasions to use lengths, times, and masses that are either much
less or much greater than the standards of 1 meter, 1 second, and 1 kilogram. We will
do so by using prefixes to denote various powers of 10. Table 1.3 lists the common
prefixes that will be used frequently throughout this book. Memorize it! Few things in
science are learned by rote memory, but this list is one of them. A more extensive list
of prefixes is shown inside the cover of the book.

Although prefixes make it easier to talk about quantities, the SI units are meters,
seconds, and kilograms. Quantities given with prefixed units must be converted to
SI units before any calculations are done. Unit conversions are best done at the very
beginning of a problem, as part of the pictorial representation.

Unit Conversions

Although SI units are our standard, we cannot entirely forget that the United States
still uses English units. Thus it remains important to be able to convert back and forth
between SI units and English units. Table 1.4 shows several frequently used conver-
sions, and these are worth memorizing if you do not already know them. While the
English system was originally based on the length of the king’s foot, it is interesting
to note that today the conversion 1 in = 2.54 cm is the definition of the inch. In other
words, the English system for lengths is now based on the meter!

There are various techniques for doing unit conversions. One effective method is to
write the conversion factor as a ratio equal to one. For example, using information in
Table 1.3 and 1.4, we have

10°m 2.54 cm
=1 and — =

1 pum 1 in

Because multiplying any expression by 1 does not change its value, these ratios are
easily used for conversions. To convert 3.5 um to meters we compute

10°m

=3.5%107°
| ot o

3.5 gt X

Similarly, the conversion of 2 feet to meters is

12if _254¢cm 107 m
2.00 # X X X =0.610
1" 1 lem "
Notice how units in the numerator and in the denominator cancel until only the desired
units remain at the end. You can continue this process of multiplying by 1 as many
times as necessary to complete all the conversions.




Assessment

As we get further into problem solving, we will need to decide whether or not the
answer to a problem “makes sense.” To determine this, at least until you have more
experience with SI units, you may need to convert from SI units back to the English
units in which you think. But this conversion does not need to be very accurate. For
example, if you are working a problem about automobile speeds and reach an answer
of 35 m/s, all you really want to know is whether or not this is a realistic speed for a
car. That requires a “quick and dirty” conversion, not a conversion of great accuracy.

Table 1.5 shows several approximate conversion factors that can be used to as-
sess the answer to a problem. Using 1 m/s = 2 mph, you find that 35 m/s is roughly
70 mph, a reasonable speed for a car. But an answer of 350 m/s, which you might get
after making a calculation error, would be an unreasonable 700 mph. Practice with
these will allow you to develop intuition for metric units.

NOTE - These approximate conversion factors are accurate to only one significant
figure. This is sufficient to assess the answer to a problem, but do not use the con-
version factors from Table 1.5 for converting English units to ST units at the start of
a problem. Use Table 1.4. 4

Significant Figures

It is necessary to say a few words about a perennial source of difficulty: significant
figures. Mathematics is a subject where numbers and relationships can be as precise as
desired, but physics deals with a real world of ambiguity. It is important in science and
engineering to state clearly what you know about a situation—no less and, especially,
no more. Numbers provide one way to specify your knowledge.

If you report that a length has a value of 6.2 m, the implication is that the actual
value falls between 6.15 m and 6.25 m and thus rounds to 6.2 m. If that is the case,
then reporting a value of simply 6 m is saying less than you know; you are withholding
information. On the other hand, to report the number as 6.213 m is wrong. Any person
reviewing your work—perhaps a client who hired you—would interpret the number
6.213 m as meaning that the actual length falls between 6.2125 m and 6.2135 m, thus
rounding to 6.213 m. In this case, you are claiming to have knowledge and information
that you do not really possess.

The way to state your knowledge precisely is through the proper use of significant
figures. You can think of a significant figure as being a digit that is reliably known.
A number such as 6.2 m has rwo significant figures because the next decimal place—
the one-hundredths—is not reliably known. As FIGURE 1.25 shows, the best way to de-
termine how many significant figures a number has is to write it in scientific notation.

FIGURE 1.25 Determining significant figures.

Leading zeros locate the decimal point.
They are not significant.

0.00620 =6.20/ X 1077

*~-The number of significant

o figures is the number of
A trailing zero after the £ . .
. . . digits when written in
decimal place is reliably C .
S scientific notation.
known. It is significant.

M The number of significant figures 7 the number of decimal places.

B In whole numbers, trailing zeros are not significant. 320 is
3.2 X 107 and has 2 significant figures, not 3.

B Changing units shifts the decimal point but does not
change the number of significant figures.

1.8 - Units and Significant Figures 25

TABLE 1.5 Approximate conversion
factors. Use these only for assessment,
not in problem solving.

lecm =~ 4in
10cm = 4 in

I m= 1yard

1 m = 3 feet

1 km = 0.6 mile
1 m/s = 2 mph
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Calculations with numbers follow the “weakest link” rule. The saying, which you
probably know, is that “a chain is only as strong as its weakest link.” If nine out of
ten links in a chain can support a 1000 pound weight, that strength is meaningless if
the tenth link can support only 200 pounds. Nine out of the ten numbers used in a cal-
culation might be known with a precision of 0.01%; but if the tenth number is poorly
known, with a precision of only 10%, then the result of the calculation cannot possibly
be more precise than 10%.

Using significant figures O

© When multiplying or dividing several numbers, or taking roots, the number
of significant figures in the answer should match the number of significant
figures of the least precisely known number used in the calculation.

® When adding or subtracting several numbers, the number of decimal places
in the answer should match the smallest number of decimal places of any
number used in the calculation.

® It is acceptable to keep one or two extra digits during intermediate steps of a
calculation, as long as the final answer is reported with the proper number of
significant figures. The goal is to minimize round-off errors in the calcula-
tion. But only one or two extra digits, not the seven or eight shown in your
calculator display.

Exercises 38-39 m

Using significant figures

An object consists of two pieces. The mass of one piece has been measured to be 6.47
kg. The volume of the second piece, which is made of aluminum, has been measured to
be 4.44 X 10~ m>. A handbook lists the density of aluminum as 2.7 X 10° kg/m*. What
is the total mass of the object?

soLVE First, calculate the mass of the second piece:
m = (4.44 X 10~ m*)(2.7 X 10° kg/m?)

=1.199 kg = 1.2 kg

The number of significant figures of a product must match that of the least precisely
known number, which is the two-significant-figure density of aluminum. Now add the
two masses:

6.47 kg
+1.2 kg
77 kg

The sum is 7.67 kg, but the hundredths place is not reliable because the second mass has
no reliable information about this digit. Thus we must round to the one decimal place of
the 1.2 kg. The best we can say, with reliability, is that the total mass is 7.7 kg.

Some quantities can be measured very precisely—three or more significant figures.
Others are inherently much less precise—only two significant figures. Examples and
problems in this textbook will normally provide data to either two or three significant
figures, as is appropriate to the situation. The appropriate number of significant
figures for the answer is determined by the data provided.



NOTE P Be careful! Many calculators have a default setting that shows two decimal
places, such as 5.23. This is dangerous. If you need to calculate 5.23/58.5, your
calculator will show 0.09 and it is all too easy to write that down as an answer. By
doing so, you have reduced a calculation of two numbers having three significant
figures to an answer with only one significant figure. The proper result of this divi-
sion is 0.0894 or 8.94 X 1072, You will avoid this error if you keep your calculator
set to display numbers in scientific notation with two decimal places. <«

Proper use of significant figures is part of the “culture” of science and engineer-
ing. We will frequently emphasize these “cultural issues” because you must learn to
speak the same language as the natives if you wish to communicate effectively. Most
students know the rules of significant figures, having learned them in high school,
but many fail to apply them. It is important to understand the reasons for significant
figures and to get in the habit of using them properly.

Orders of Magnitude and Estimating

Precise calculations are appropriate when we have precise data, but there are many
times when a very rough estimate is sufficient. Suppose you see a rock fall off a cliff
and would like to know how fast it was going when it hit the ground. By doing a
mental comparison with the speeds of familiar objects, such as cars and bicycles, you
might judge that the rock was traveling at “about” 20 mph.

This is a one-significant-figure estimate. With some luck, you can distinguish
20 mph from either 10 mph or 30 mph, but you certainly cannot distinguish 20 mph
from 21 mph. A one-significant-figure estimate or calculation, such as this, is called
an order-of-magnitude estimate. An order-of-magnitude estimate is indicated by
the symbol ~, which indicates even less precision than the “approximately equal”
symbol =. You would say that the speed of the rock is v ~ 20 mph.

A useful skill is to make reliable estimates on the basis of known information,
simple reasoning, and common sense. This is a skill that is acquired by practice. Many
chapters in this book will have homework problems that ask you to make order-of-
magnitude estimates. The following example is a typical estimation problem.

Table 1.6 and 1.7 have information that will be useful for doing estimates.

m Estimating a sprinter’s speed

Estimate the speed with which an Olympic sprinter crosses the finish line of the 100 m
dash.

soLVE We do need one piece of information, but it is a widely known piece of sports triv-
ia. That is, world-class sprinters run the 100 m dash in about 10 s. Their average speed
i8 Vaye = (100 m)/(10 s) = 10 m/s. But that’s only average. They go slower than average
at the beginning, and they cross the finish line at a speed faster than average. How much
faster? Twice as fast, 20 m/s, would be =40 mph. Sprinters don’t seem like they’re run-
ning as fast as a 40 mph car, so this probably is too fast. Let’s estimate that their final
speed is 50% faster than the average. Thus they cross the finish line at v ~ 15 m/s.

STOP TO THINK' 1.5 Rank in order, from the most to the least, the number of significant
figures in the following numbers. For example, if b has more than c, ¢ has the same
number as a, and a has more than d, you could give your answer as b >c¢ = a > d.

a. 82 b. 0.0052 c. 0.430 d. 4321 X107
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TABLE 1.6 Some approximate lengths

Length (m)

Circumference of the earth 4 % 107
New York to Los Angeles 5% 10°
Distance you can drive

in 1 hour 1x10°
Altitude of jet planes 1 x10*
Distance across a

college campus 1000
Length of a football field 100
Length of a classroom 10
Length of your arm 1
Width of a textbook 0.1
Length of your little

fingernail 0.01
Diameter of a pencil lead 1x107°

Thickness of a sheet of paper 1x10™*
Diameter of a dust particle 1 X107

TABLE 1.7 Some approximate masses

Mass (kg)
Large airliner 1 X10°
Small car 1000
Large human 100
Medium-size dog 10
Science textbook 1
Apple 0.1
Pencil 0.01
Raisin 1x107°
Fly 1x10™*
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SUMMARY

The goal of Chapter 1 has been to introduce the fundamental concepts of motion.

General Strategy

Motion Diagrams Problem Solving
* Help visualize motion. Make simplifying assumptions.
* Provide a tool for finding acceleration vectors. Use:
Velocity vectors Dots show positions at * Pictorial representation
go dot to dot. equal time intervals. . .
/3 3 * Graphical representation
3 0 > L
~ o Use a mathematical representation to find
o .
The acceleration // “ \ AV A numerical answers.
tor points in the ~ — q
vector points 1 the — Does the answer have the proper units?
direction of Av. =

Does it make sense?

» These are the average velocity and the average acceleration vectors.

Important Concepts

The particle model represents a moving object as if all its mass Pictorial Representation
were concentrated at a single point.
a
© Draw a motion diagram. ®—>e—»>e——pe——peV

Position locates an object with respect to a chosen coordinate . . _ a, _
. I . @ Establish coordinates. - N
system. Change in position is called displacement. © o ©® o
9 5 T T X
. .. 5 ® Sketch the situation. 0
Velocity is the rate of change of the position vector 7. v Vou Iy PR

O Define symbols.

Acceleration is the rate of change of the velocity vector V. LT

. Xg =V, =1 =0
An object has an acceleration if it (5L Lot az = 2[_)0 m/z2 $,=20s
¢ Changes speed and/or O Identify desired ind
N unknown. 1
* Changes direction.
Applications
For motion along a line: Significant figures are reliably known digits. The number of

. . L significant figures for:
* Speeding up: v and @ point in the same direction, v, and a, & &

e (L0 CaE S, * Multiplication, division, powers is set by the value with the

* Slowing down: ¥ and @ point in opposite directions, v, and a, fewest significant figures.

have opposite signs. ¢ Addition, subtraction is set by the value with the smallest

 Constant speed: a = G, a, = 0. number of decimal places.
Acceleration a, is positive if @ points right, negative if @ points The appropriate number of significant figures in a calculation is
left. The sign of a, does not imply speeding up or slowing down. determined by the data provided.

Terms and Notation

motion position vector, 7 average speed SI units

translational motion scalar quantity average velocity, v significant figures

trajectory vector quantity average acceleration, @ order-of-magnitude estimate
motion diagram displacement, A7 position-versus-time graph

particle zero vector, 0 pictorial representation

particle model time interval, Az representation of knowledge
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CONCEPTUAL QUESTIONS

1. How many significant figures does each of the following num- 6. Determine the signs (positive or negative) of the position, veloc-
bers have? ity, and acceleration for the particle in FIGURE Q1.6.
a. 53.2 b. 0.53 c. 5.320 d. 0.0532

2. How many significant figures does each of the following num- x
bers have? FIGURE Q1.6 0
a. 310 b. 0.00310 c. 1.031 d. 3.10x10° ' ) » ) »

3. Is the particle in FIGURE Q1.3 speeding up? Slowing down? Or 7. Determine the signs (positive or negative) of the position, veloc-
can you tell? Explain. s ity, and acceleration for the particle in FIGURE Q1.7.
FIGUREQ1.3 e o o o o " "

0

4. Does the object represented in FIGURE Q1.4 have
a positive or negative value of a,? Explain.
5. Does the object represented in FIGURE Q1.5 0
have a positive or negative value of a,? Explain.
FIGURE Q1.7 FIGURE Q1.8

A
/
<

<

8. Determine the signs (positive or negative) of the position, veloc-
FIGURE Q1.4 FIGURE Q1.5 ° ity, and acceleration for the particle in FIGURE Q1.8.

Exercises 6. | A softball player hits the ball and starts running toward first
base. Use the particle model to draw a motion diagram showing
Section 1.1 Motion Diagrams her position and her average velocity vectors during the first few

seconds of her run.

7.1 A softball player slides into second base. Use the particle
model to draw a motion diagram showing his position and his
average velocity vectors from the time he begins to slide until he
reaches the base.

1. | A car skids to a halt to avoid hitting an object in the road.
Draw a basic motion diagram, using the images from the movie,
from the time the skid begins until the car is stopped.

2.1 A rocket is launched straight up. Draw a basic motion dia-
gram, using the images from the movie, from the moment of
liftoft until the rocket is at an altitude of 500 m.

3.1 You’re driving along the highway at 60 mph until you enter a ~ Section 1.5 Linear Acceleration
town where the speed limit is 30 mph. You slow quickly, but not
instantly, to 30 mph. Draw a basic motion diagram of your car,
using images from the movie, from 30 s before reaching the city
limit until 30 s afterward.

8. | a. FIGURE EX1.8 shows the first three points of a motion dia-
gram. Is the object’s average speed between points 1 and
2 greater than, less than, or equal to its average speed be-

tween points 0 and 1? Explain how you can tell.
b. Use Tactics Box 1.3 to find the average acceleration vector
Section 1.2 The Particle Model at point 1. Draw the completed motion diagram, showing

the velocity vectors and acceleration vector.
4. | a. Write a paragraph describing the particle model. What is it,

and why is it important? e
b. Give two examples of situations, different from those de-
scribed in the text, for which the particle model is appropriate.
c. Give an example of a situation, different from those de- ; : 3 le
scribed in the text, for which it would be inappropriate.
FIGURE EX1.8 FIGURE EX1.9 oe
Section 1.3 Position and Time 9. | a. FIGURE EX1.9 shows the first three points of a motion dia-

gram. Is the object’s average speed between points 1 and

Section 1.4 Velocity 2 greater than, less than, or equal to its average speed be-

5.1 You drop a soccer ball from your third-story balcony. Use tween points 0 and 1? Explain how you can tell.
the particle model to draw a motion diagram showing the ball’s b. Use Tactics Box 1.3 to find the average acceleration vector
position and average velocity vectors from the time you release at point 1. Draw the completed motion diagram, showing

the ball until the instant it touches the ground. the velocity vectors and acceleration vector.
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10. II FIGURE EX1.10 shows two dots of a motion diagram and
vector ;. Copy this figure and add vector v, and dot 3 if the
acceleration vector @ at dot 2 (a) points up and (b) points down.

FIGURE EX1.10 FIGURE EX 1.11

11. | FIGURE EX1.11 shows two dots of a motion diagram and
vector ¥,. Copy this figure and add vector ¥, and dot 1 if the
acceleration vector 4 at dot 2 (a) points to the right and (b) points
to the left.

12. | A car travels to the left at a steady speed for a few seconds,
then brakes for a stop sign. Draw a complete motion diagram of
the car.

13. | A child is sledding on a smooth, level patch of snow. She en-
counters a rocky patch and slows to a stop. Draw a complete
motion diagram of the child and her sled.

14. | You use a long rubber band to launch a paper wad straight up.
Draw a complete motion diagram of the paper wad from the mo-
ment you release the stretched rubber band until the paper wad
reaches its highest point.

15. 1 A roof tile falls straight down from a two-story building. It
lands in a swimming pool and settles gently to the bottom. Draw
a complete motion diagram of the tile.

16. | Your roommate drops a tennis ball from a third-story balcony.
It hits the sidewalk and bounces as high as the second story. Draw
a complete motion diagram of the tennis ball from the time it is
released until it reaches the maximum height on its bounce. Be
sure to determine and show the acceleration at the lowest point.

17. 1 A toy car rolls down a ramp, then across a smooth, horizontal
floor. Draw a complete motion diagram of the toy car.

Section 1.6 Motion in One Dimension
18. I FIGURE EX1.18 shows the motion diagram of a drag racer. The
camera took one frame every 2 s.

1 frame every 2 s
V GO @ @ @ 0—> 0> 0P~ @

T T T T x (m)
0 200 400 600

FIGURE EX1.18

a. Measure the x-value of the racer at each dot. List your data
in a table similar to Table 1.1, showing each position and the
time at which it occurred.

b. Make a position-versus-time graph for the drag racer.
Because you have data only at certain instants, your graph
should consist of dots that are not connected together.

19. | Write a short description of the motion of a real object for which

FIGURE EX1.19 would be a realistic position-versus-time graph.

x (m)

300
200

100

0+ T T —1(s)
FIGURE EX1.19 0 200 400 600

20. | Write a short description of the motion of a real object for
which FIGURE EX1.20 would be a realistic position-versus-time
graph.

x (mi)

40

20

0 1 (h)
AiZs

FIGURE EX1.20 —20

Section 1.7 Solving Problems in Physics

21. I Draw a pictorial representation for the following problem.
Do not solve the problem. The light turns green, and a bicyclist
starts forward with an acceleration of 1.5 m/s>. How far must she
travel to reach a speed of 7.5 m/s?

22. I Draw a pictorial representation for the following problem. Do
not solve the problem. What acceleration does a rocket need to
reach a speed of 200 m/s at a height of 1.0 km?

Section 1.8 Units and Significant Figures

23. | Convert the following to SI units:

a. 6.15ms b. 27.2km
c. 112 km/h d. 72 pm/ms
24. | Convert the following to SI units:
a. 8.0in b. 66 ft/s
c. 60 mph d. 14in?
25. | Convert the following to SI units:
a. 3.00 hours b. 2.00 days
c. 1.00 year d. 215 ft/s

26. | Using the approximate conversion factors in Table 1.5, con-
vert the following to SI units without using your calculator.
a. 20ft b. 60 mi
c. 60 mph d. 8in

27. I Using the approximate conversion factors in Table 1.5, con-
vert the following SI units to English units without using your

calculator.
a. 30 cm b. 25m/s
c. Skm d. 0.5cm

28. | Compute the following numbers, applying the significant fig-
ure rule adopted in this textbook.
a. 33.3X254 b. 33.3—-254
c. V333 d. 3333+254

29. | Compute the following numbers, applying the significant fig-
ure rule adopted in this textbook.

a. 12.5° b. 12.5X521
c. WIZ&2012 da 1257

30. | Estimate (don’t measure!) the length of a typical car. Give
your answer in both feet and meters. Briefly describe how you
arrived at this estimate.

31. | Estimate the height of a telephone pole. Give your answer in
both feet and meters. Briefly describe how you arrived at this
estimate.

32. | Estimate the average speed with which you go from home
to campus via whatever mode of transportation you use most
commonly. Give your answer in both mph and m/s. Briefly de-
scribe how you arrived at this estimate.



33.

| Estimate the average speed with which the hair on your head
grows. Give your answer in both m/s and um/hour. Briefly de-
scribe how you arrived at this estimate.

Problems

For Problems 34 through 43, draw a complete pictorial representa-
tion. Do not solve these problems or do any mathematics.

34.

35.

36.

37.

39.

40.

41.

42.

43.

| A Porsche accelerates from a stoplight at 5.0 m/s? for five sec-
onds, then coasts for three more seconds. How far has it traveled?
| A jet plane is cruising at 300 m/s when suddenly the pilot
turns the engines up to full throttle. After traveling 4.0 km, the
jet is moving with a speed of 400 m/s. What is the jet’s accelera-
tion as it speeds up?

| Sam is recklessly driving 60 mph in a 30 mph speed zone
when he suddenly sees the police. He steps on the brakes and
slows to 30 mph in three seconds, looking nonchalant as he pass-
es the officer. How far does he travel while braking?

| You would like to stick a wet spit wad on the ceiling, so you
toss it straight up with a speed of 10 m/s. How long does it take
to reach the ceiling, 3.0 m above?

. | A speed skater moving across frictionless ice at 8.0 m/s hits a

5.0-m-wide patch of rough ice. She slows steadily, then contin-
ues on at 6.0 m/s. What is her acceleration on the rough ice?

| Santa loses his footing and slides down a frictionless, snowy
roof that is tilted at an angle of 30°. If Santa slides 10 m before
reaching the edge, what is his speed as he leaves the roof?

| A motorist is traveling at 20 m/s. He is 60 m from a stoplight
when he sees it turn yellow. His reaction time, before stepping
on the brake, is 0.50 s. What steady deceleration while braking
will bring him to a stop right at the light?

| A car traveling at 30 m/s runs out of gas while traveling up a
10° slope. How far up the hill will the car coast before starting to
roll back down?

I Ice hockey star Bruce Blades is 5.0 m from the blue line and
gliding toward it at a speed of 4.0 m/s. You are 20 m from the
blue line, directly behind Bruce. You want to pass the puck to
Bruce. With what speed should you shoot the puck down the ice
so that it reaches Bruce exactly as he crosses the blue line?

I David is driving a steady 30 m/s when he passes Tina, who
is sitting in her car at rest. Tina begins to accelerate at a steady
2.0 m/s> at the instant when David passes. How far does Tina
drive before passing David?

Problems 44 through 48 show a motion diagram. For each of these
problems, write a one or two sentence “‘story”” about a real object that
has this motion diagram. Your stories should talk about people or
objects by name and say what they are doing. Problems 34 through 43
are examples of motion short stories.

44.

45.

Start Stop

-/ \
V @ @ @ @ - @ @ @
a

FIGURE P1.44

FIGURE P1.45

47.

48.
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FIGURE P1.46
| v
Start
i
v
Stop
a
a
Same
point
FIGURE P1.47

| Side view of motion
in a vertical plane

FIGURE P1.48

Problems 49 through 52 show a partial motion diagram. For each:

a.
b.

c.
49.

50.

Complete the motion diagram by adding acceleration vectors.
Write a physics problem for which this is the correct motion dia-
gram. Be imaginative! Don’t forget to include enough informa-
tion to make the problem complete and to state clearly what is
to be found.

Draw a pictorial representation for your problem.

| jo—o—bo—>o—borore

FIGURE P1.49

| v—»—»»w—»—»o

Stop

FIGURE P1.50

L St
(\)P

-

/

v
Top view of motion
in a horizontal plane @

FIGURE P1.51
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52. 1  Start a. Measure the x-value of the car at each dot. Place your data in
V, 0= > > > »o a table, similar to Table 1.1, showing each position and the

I o  ——  —— = 3 instant of time at which it occurred.
s[aé b. Make a position-versus-time graph for the car. Because you

have data only at certain instants of time, your graph should
consist of dots that are not connected together.

53.1 A regulation soccer field for international play is a rectangle 56. | Write a short description of a real object for which FIGURE P1.56

FIGURE P1.52

with a length between 100 m and 110 m and a width between would be a realistic position-versus-time graph.
64 m and 75 m. What are the smallest and largest areas that the
field could be? x (m) y (m)
54. I The quantity called mass density is the mass per unit volume 40 30
of a substance. Express the following mass densities in SI units. 30

a. Aluminum, 2.7 X 107 kg/cm?

20 15
b. Alcohol, 0.81 g/cm3 10
55. I FIGURE P1.55 shows a motion diagram of a car traveling down
. 0-f T T — 1(s) 0 1(s)
a street. The camera took one frame every 10 s. A distance scale 0 10 20 30 0 4 8 12 16 20

is provided. FIGURE P1.56 FIGURE P1.57

1 frame every 10 s
0 0 0P D VDO )

T T T T T T T T T T T T T X
0 200 400 600 800 1000 1200

m)  57.1 Write ashort description of a real object for which FIGURE P1.57
would be a realistic position-versus-time graph.

FIGURE P1.55

STOP TO THINK ANSWERS

Stop to Think 1.1: B. The images of B are farther apart, so it travelsa  Stop to Think 1.4: b. ¥, = ¥, + AV, and AV points in the direction
larger distance than does A during the same intervals of time. of d.

Stop to Think 1.2: a. Dropped ball. b. Dust particle. ¢. Descending -
rocket. e

Stop to Think 1.3: e. The average velocity vector is found by con-
necting one dot in the motion diagram to the next. Stop to Think 1.5:d > ¢ > b = a.



