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uild Skills

Learn basic and advanced skills that help
solve a broad range of physics problems.

This text's uniquely extensive set »

of Examples enables students
to explore problem-solving
challenges in exceptional detail.

Consistent

The Identify / Set Up /

Execute / Evaluate format, used in
all Examples, encourages students
to tackle problems thoughtfully
rather than skipping to the math.

Focused

All Examples and Problem-
Solving Strategies are revised
to be more concise and focused.

Visual

Most Examples employ a diagram—
often a pencil sketch that shows
what a student should draw.

Master{Dabhrsiad

Problem-Solving Strategies coach students in
how to approach specific types of problems.

v

IDENTIFY the relevant concepts: You have to use Newton’s second
law for any problem that involves forces acting on an accelerating

Newton’s Second Law: Dynamics of Particles @

accelerate in different directions, you can use a different set of
axes for each hody.

m Toboggan ride with friction 11

The same toboggan with the same coefficient of friction as in
Example 5.16 accelerates down a steeper hill. Derive an expres-
sion for the acceleration in terms of g, a, gy, and w.

IDENTIFY and SET UP: The toboggan is accelerating, so we must
use Newton's second law as given in Egs. (5.4). Our target variable
is the downhill acceleration.

Our sketch and free-body diagram (Flg 5.23) are almost the

d. identify any
ou might need
stant accelera-
ay be relation-
¥ be connected
nations relating

From the second equation and Eq. (5.5) we get an expression for fy:
n = mgcos a
fi = = pugng cos a
‘We substitute this into the x-component equation and solve for a,:
i forces along
present a force
wough the orig-
twice.
ntities. In your

mgsina + (—pumgcos @) = ma,
a, = g(sina — py cos a)

EVALUATE: As for the frictionless toboggan in Example 5.10, the
ion doesn’t depend on the mass m of the toboggan. That’s

same as for Example 5.16. The p of accel-
eration ay is still zero but the x- componenl a, is not, so we've
drawn the downhill component of weight as a longer vector than
the (uphill) friction force.

EXECUTE: It’s convenient to express the weight as w = mg. Then
Newton’s second law in component form says

SF = mgsina + (~f,) = ma,

SF,=n+ (~mgcosa) =0
5.23 Our sketches for this problem.

(@) The situation (b) Free-body diagram for toboggan

////

because all of the forces that act on the toboggan (weight, normal

force, and kinetic friction force) are proportional to m. jREorcnt of
Let’s check some special cases. If the hill is vertical (o = 90°) fon, write any
so that sin @ = 1 and cos & = 0, we have a, = g (the toboggan [+ of “Set Up.

variables.)
to find the tar-

falls freely). For a certain value of a the acceleration is zero; this
happens if

sina = py cos @ and py = tan a

¢ correct units?
m/s2.) Does it
sider particular
the results with

This agrees with our result for the constant-velocity toboggan in
Example 5.16. If the angle is even smaller, py cos « is greater than
sin @ and a, is negative; if we give the toboggan an initial down-
hill push to start it moving, it will slow down and stop. Finally, if
the hill is frictionless so that = 0, we retrieve the result of
Example 5.10: a, = gsina.

Notice that we started with a simple problem (Example 5.10)
and extended it to more and more general situations. The general
result we found in this example includes all the previous ones as
special cases. Don’t memorize this result, but do make sure you
understand how we obtained it and what it means.

Suppose instead we give the toboggan an initial push up the
hill. The direction of the kinetic friction force is now reversed, so
the acceleration is different from the downhill value. It turns out
that the expression for a, is the same as for downhill motion except
that the minus sign becomes plus. Can you show this?

—

w.“-c.-:::j‘pmsus

m Converting speed units

The world land speed record is 763.0 mifh. set on October 15,
1997, by Andy Green in the jet-engine car Thrat SSC. Express
this speed in meters per sccond. ]
m; —s m
: |
ﬂenh{} - mifh = m/s n—c

Setvp: Imi= 1,609 lkm  1lkm= /000

{ h= Z600s

Evecute

md(1.6oSlkem)f1oo 1h
263.0 mi/h=(7%3.0% )( ° ){;g“w

= 34(.0180) mfs = mo mfs

The sictcss g = = ¥=—i dy=1

formuls for tera nctisen

B pucture of fhe

Conide 4wt e 00 8 s ¥ 0 ks

2 B 8 specik Lime, thas
you ot 3 raph of whage yix) ¥ ih is 8 wimple
e e
than

. Rarscton by o mambar A . 5
magretudes # A > | and decrassing e magntudes § A < 1

G the muriam e maimum akses of the ncton § = Jain(r)

Ghw the sinimum valus SoBowed by the maxissm vabes, separated by 8 comma.

¥ you mave to Bhe right starting om £ = DL the dmction i = siniz)} begins 83 repeat s when you
thach B, This shows that the hnction ¥ = sinf) has & pariod T of du, Moo kaemally, 33 &
Aunction ha & paod of 3% rean the val of the kenction 5t i The aame 28 e vakos o 2 4 3%
F4dn o (mwel stz —3n. 7 — A=, and 5o o]

¥ o chiaeage th Rusction 15 = slafuie], Wi Slitirg o 5 = 0, Bhe Rosction bagies 1o sepeat Rvell
when wiz = r. Sehang ler 2, yius £8 34 1hat tha pavied has chaegged bomn Tm 22 08 T = Jef

What is e pariad T of ha hnction y = Juin{dx]?

Express your answr 1
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NEW! Video Tutor Solution for Every Example

Each Example is explained and solved by an instructor
in a Video Tutor solution provided in the Study Area
of MasteringPhysics® and in the Pearson eText.

NEW! Mathematics Review Tutorials

MasteringPhysics offers an extensive set of assignable mathematics
review tutorials—covering differential and integral calculus as well
as algebra and trigonometry.



uild Confidence

Develop problem-solving confidence through a range
of practice options—from guided to unguided.

NEW! Bridging Problems

At the start of each problem set, a
Bridging Problem helps students
make the leap from routine
exercises to challenging problems
with confidence and ease.

Each Bridging Problem poses a
moderately difficult, multi-concept
problem, which often draws on earlier
chapters. In place of a full solution,

it provides a skeleton solution guide
consisting of questions and hints.

A full solution is explained in

a Video Tutor, provided in the
Study Area of MasteringPhysics®
and in the Pearson eText.

Billiard Physics

A cue ball (a uniform solid sphere of mass m and radius R) is at
rest on a level pool table. Using a pool cue, you give the ball a
sharp, horizontal hit of magnitude F at a height h above the center
of the ball (Fig. 10.37). The force of the hit is much greater
than the friction force f that the table surface exerts on the ball.
The hit lasts for a short time Ar. (a) For what value of
1 will the ball roll without slipping? (b) If you hit the ball dead
center (h = 0), the ball will slide across the table for a while, but
eventually it will roll without slipping. What will the speed of its
center of mass be then?

SOLUTION GUIDE

See MasteringPhysics® study area for a Video Tutor solution.

IDENTIFY and SET UP

. Draw a free-body diagram for the ball for the situation in part (a),
including your choice of coordinate axes. Note that the cue
exerts both an impulsive force on the ball and an impulsive
torque around the center of mass.

The cue force applied for a time At gives the ball’s center of
mass a speed Ve, and the cue torque applied for that same
time gives the ball an angular speed w. What must be the
relationship between vy, and @ for the ball to roll without
slipping?

@

N

3. Draw two free-body diagrams for the ball in part (b): one show-
ing the forces during the hit and the other showing the forces
after the hit but before the ball is rolling without slipping.

4. What is the angular speed of the ball in part (b) just after the
hit? While the ball is sliding, does v, increase or decrease?
Does w increase or decrease? What is the relationship between
Ve and @ when the ball is finally rolling without slipping?

EXECUTE

In part (a), use the impulse-momentum theorem to find the
speed of the ball’s center of mass immediately after the hit.
Then use the rotational version of the impulse-momentum the-
orem to find the angular speed immediately after the hit. (Hint:
To write down the rotational version of the impulse-momentum
theorem, remember that the relationship between torque and
angular momentum is the same as that between force and linear
momentum.)

. Use your results from step 5 to find the value of / that will
cause the ball to roll without slipping immediately after the hit.
In part (b), again find the ball’s center-of-mass speed and
angular speed immediately after the hit. Then write Newton’s
second law for the translational motion and rotational motion

o

S

bl

of the ball as it is sliding. Use these equations to write
expressions for Ug, and w as functions of the elapsed time
 since the hit.

Using your results from step 7, find the time ¢ when vy, and w
have the correct relationship for rolling without slipping. Then
find the value of vy, at this time.

EVALUATE
9. If you have access to a pool table, test out the results of parts
() and (b) for yourself!
10. Can you show that if you used a hollow cylinder rather than a

o

4 solid ball, you would have to hit the top of the cylinder to
cause rolling without slipping as in part (a)?

< In response to professors, the Problem Sets now include more
biomedically oriented problems (BIO), more difficult problems
requiring calculus (CALC), and more cumulative problems that
draw on earlier chapters (CP).

1495 « CP In Fig. P1495 the
upper ball is released from rest,
collides with the stationary lower
ball, and sticks to it. The strings
are both 50.0 cm long. The upper
ball has mass 2,00 kg, and it is ini-
tially 10.0 cm higher than the
lower ball, which has mass
3.00 kg. Find the frequency and
maximum angular displacement
of the motion after the collision.
14.96 «+ CP BID T rex. Model
the leg of the T. rex in Example
14,10 (Section 14.6) as two uniform rods, each 1.55 m long,
joined rigidly end to end. Let the lower rod have mass M and the
upper rod mass 2M. The composite object is pivoted about the top
of the upper rod. Compute the oscillation period of this object for
small-amplitude  oscillations. Compare your result to that of
Example 14.10,

14.97 =+ CALC A slender, uni-
form, metal rod with mass M
is pivoted without friction about
an axis through its midpoint and
perpendicular to the rod. A hori-

Figure P14.95

About 20% of problems are new or revised. These revisions are
driven by detailed student-performance data gathered nationally
through MasteringPhysics.

Problem difficulty is now indicated by a three-dot ranking
system based on data from MasteringPhysics.

Figure P14.897

.|Tm=£6§' -’"ﬁ.\_ > "?-"'-TFEZ“?'-W.F

zontal spring with force constant e R T Tk e e
k is attached 1o the lower end of Mam“l“'”“' : pe———
the rod, with the other end of the H :w_:-:_-.:w::::::;ul-: Ragrovs pow sy pbenlly b wenbeeshs o hove shgelliommt Bpures, 00
spring attached o a rigid sup- H o | J P.-_-Mﬂ| . |
port. If the rod is displaced by a L o bl o e —— =
small asgle © from he vertical Y v —
(Fig. P14.97) and released. show :“m‘“__ P s L
that it moves in angular SHM Rapross. poor sovwwr nemsiosily in newieas por sostont io thise signilivunt Rgures.
and calculate the period. (Hins: Assume that the angle € is small
enough for the approximations sin © = © and cos © = 1 10 be £ nﬂ| N |
valid. The motion is simple harmonie if d°8/di® = —w’8, and the o —— ]
period is then T = 2w /w.) () e Seam P Pt .

hints

NEW! Enhanced End-of-Chapter Problems in MasteringPhysics
Select end-of-chapter problems will now offer additional support such
as problem-solving strategy hints, relevant math review and practice,
and links to the eText. These new enhanced problems bridge the gap
between guided tutorials and traditional homework problems.



ring Physics to Life

L = L Application Moment of Inertia of a
eepen knowledge of physics by building Bovers Wing
- h I Id When a bird flaps its wings, it rotates the
wings up and down around the shoulder. A
con n eCtI on s to t e rea WOI’ - hummingbird has small wings with a small
moment of inertia, so the bird can make its
wings move rapidly (up to 70 beats per sec-
ond). By contrast, the Andean condor (Vultur
gryphus) has immense wings that are hard to

Application Tendons Are Nonideal move due to their large moment of inertia.
Springs Condors flap their wings at about one beat per
Muscles exert forces via the tendons that second on takeoff, but at most times prefer to
attach them to bones. A tendon consists of soar while holding their wings steady.

long. stiffly elastic collagen fibers. The graph
shows how the tendon from the hind leg of
a wallaby (a small kangaroo) stretches in
response to an applied force. The tendon does
not exhibit the simple, straight-line behavior of
. . . an ideal spring, so the work it does has to be
NEW! Apphcatlons of Phy5|c5 P> | found by megrosion (=g, 5.7, Note thas the

- tendon exerts less force while relaxing than
while stretching. As a result, the relaxing ten-

Throughout the text, free-standing captioned photos o e ot Sk 557 f o ikt s
apply physics to real situations, with particular emphasis
on applications of biomedical and general interest.

|
Application Listening for Turbulent

Normal blood fiow in the human aorta is lami-
- - nar, but a small disturbance such as a heart
Lt e, S | | Lm0 pathology can cause the flow to become turbu-
lent. Turbulence makes noise, which is why

listening to blood flow with a stethoscope is a
useful diagnostic technique.

of T <€ NEW! PhET Simulations and Tutorials

Sixteen assignable PhET Tutorials enable students to make
connections between real-life phenomena and the underlying
physics. 76 PhET simulations are provided in the Study Area
of MasteringPhysics® and in the Pearson eText.

The comprehensive library of ActivPhysics applets
and applet-based tutorials is also available.

NEW! Video Tutor Demonstrations and Tutorials
“Pause and predict” demonstration videos of key physics Figure E21.23
concepts engage students by asking them to submit a prediction
before seeing the outcome. These videos are available through
the Study Area of MasteringPhysics and in the Pearson eText. A
set of assignable tutorials based on these videos challenge
students to transfer their understanding of the demonstration to
a related problem situation.

21.24 -+ BI0 Base Pairing in DNA, II. Refer to Exercise 21.23.
Figure E21.24 shows the bonding of the cytosine and guanine mol-

Biomedically Based End-of-Chapter Problems »

To serve biosciences Students, ’[he text adds ecules. The O—H and H—N distances are each 0.110 nm. In this
. case, assume that the bonding is due only to the forces along the

a substantial number of problems based on O—H—0, N—H—N, and O—H—N combinations, and
biOlOgicaI and biomedical situations. assume also that these three combinations are parallel to each other.

Calculate the net force that cytosine exerts on guanine due to the
preceding three combinations. Is this force attractive or repulsive?
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TO THE STUDENT

HOW TO SUCCEED IN
PHYSICS BY REALLY
TRYING

Mark Hollabaugh Normandale Community College

Physics encompasses the large and the small, the old and the new. From the atom
to galaxies, from electrical circuitry to aerodynamics, physics is very much a part
of the world around us. You probably are taking this introductory course in calculus-
based physics because it is required for subsequent courses you plan to take in
preparation for a career in science or engineering. Your professor wants you to
learn physics and to enjoy the experience. He or she is very interested in helping
you learn this fascinating subject. That is part of the reason your professor chose
this textbook for your course. That is also the reason Drs. Young and Freedman
asked me to write this introductory section. We want you to succeed!

The purpose of this section of University Physics is to give you some ideas
that will assist your learning. Specific suggestions on how to use the textbook
will follow a brief discussion of general study habits and strategies.

Preparation for This Course

If you had high school physics, you will probably learn concepts faster than those
who have not because you will be familiar with the language of physics. If Eng-
lish is a second language for you, keep a glossary of new terms that you
encounter and make sure you understand how they are used in physics. Likewise,
if you are farther along in your mathematics courses, you will pick up the mathe-
matical aspects of physics faster. Even if your mathematics is adequate, you may
find a book such as Arnold D. Pickar’s Preparing for General Physics: Math Skill
Drills and Other Useful Help (Calculus Version) to be useful. Your professor
may actually assign sections of this math review to assist your learning.

Learning to Learn

Each of us has a different learning style and a preferred means of learning.
Understanding your own learning style will help you to focus on aspects of
physics that may give you difficulty and to use those components of your course
that will help you overcome the difficulty. Obviously you will want to spend
more time on those aspects that give you the most trouble. If you learn by hear-
ing, lectures will be very important. If you learn by explaining, then working
with other students will be useful to you. If solving problems is difficult for you,
spend more time learning how to solve problems. Also, it is important to under-
stand and develop good study habits. Perhaps the most important thing you can
do for yourself is to set aside adequate, regularly scheduled study time in a
distraction-free environment.

Answer the following questions for yourself:

* Am I able to use fundamental mathematical concepts from algebra, geometry
and trigonometry? (If not, plan a program of review with help from your
professor.)

* In similar courses, what activity has given me the most trouble? (Spend more
time on this.) What has been the easiest for me? (Do this first; it will help to
build your confidence.)

Xi



HOW TO SUCCEED IN PHYSICS BY REALLY TRYING

* Do I understand the material better if I read the book before or after the lec-
ture? (You may learn best by skimming the material, going to lecture, and then
undertaking an in-depth reading.)

* Do I spend adequate time in studying physics? (A rule of thumb for a class
like this is to devote, on the average, 2.5 hours out of class for each hour in
class. For a course meeting 5 hours each week, that means you should spend
about 10 to 15 hours per week studying physics.)

* Do I study physics every day? (Spread that 10 to 15 hours out over an entire
week!) At what time of the day am I at my best for studying physics? (Pick a
specific time of the day and stick to it.)

* Do I work in a quiet place where I can maintain my focus? (Distractions will
break your routine and cause you to miss important points.)

Working with Others

Scientists or engineers seldom work in isolation from one another but rather
work cooperatively. You will learn more physics and have more fun doing it if
you work with other students. Some professors may formalize the use of cooper-
ative learning or facilitate the formation of study groups. You may wish to form
your own informal study group with members of your class who live in your
neighborhood or dorm. If you have access to e-mail, use it to keep in touch with
one another. Your study group is an excellent resource when reviewing for
exams.

Lectures and Taking Notes

An important component of any college course is the lecture. In physics this is
especially important because your professor will frequently do demonstrations of
physical principles, run computer simulations, or show video clips. All of these are
learning activities that will help you to understand the basic principles of physics.
Don’t miss lectures, and if for some reason you do, ask a friend or member of your
study group to provide you with notes and let you know what happened.

Take your class notes in outline form, and fill in the details later. It can be very
difficult to take word for word notes, so just write down key ideas. Your professor
may use a diagram from the textbook. Leave a space in your notes and just add
the diagram later. After class, edit your notes, filling in any gaps or omissions and
noting things you need to study further. Make references to the textbook by page,
equation number, or section number.

Make sure you ask questions in class, or see your professor during office
hours. Remember the only “dumb’ question is the one that is not asked. Your col-
lege may also have teaching assistants or peer tutors who are available to help
you with difficulties you may have.

Examinations

Taking an examination is stressful. But if you feel adequately prepared and are
well-rested, your stress will be lessened. Preparing for an exam is a continual
process; it begins the moment the last exam is over. You should immediately go
over the exam and understand any mistakes you made. If you worked a problem
and made substantial errors, try this: Take a piece of paper and divide it down the
middle with a line from top to bottom. In one column, write the proper solution to
the problem. In the other column, write what you did and why, if you know, and
why your solution was incorrect. If you are uncertain why you made your mis-
take, or how to avoid making it again, talk with your professor. Physics continu-
ally builds on fundamental ideas and it is important to correct any
misunderstandings immediately. Warning: While cramming at the last minute
may get you through the present exam, you will not adequately retain the con-
cepts for use on the next exam.



TO THE INSTRUCTOR

PREFACE

This book is the product of more than six decades of leadership and innovation in
physics education. When the first edition of University Physics by Francis W.
Sears and Mark W. Zemansky was published in 1949, it was revolutionary
among calculus-based physics textbooks in its emphasis on the fundamental prin-
ciples of physics and how to apply them. The success of University Physics with
generations of several million students and educators around the world is a testa-
ment to the merits of this approach, and to the many innovations it has introduced
subsequently.

In preparing this new Thirteenth Edition, we have further enhanced and
developed University Physics to assimilate the best ideas from education
research with enhanced problem-solving instruction, pioneering visual and
conceptual pedagogy, the first systematically enhanced problems, and the most
pedagogically proven and widely used online homework and tutorial system in
the world.

New to This Edition

 Included in each chapter, Bridging Problems provide a transition between the
single-concept Examples and the more challenging end-of-chapter problems.
Each Bridging Problem poses a difficult, multiconcept problem, which often
incorporates physics from earlier chapters. In place of a full solution, it
provides a skeleton Solution Guide consisting of questions and hints, which
helps train students to approach and solve challenging problems with
confidence.

¢ All Examples, Conceptual Examples, and Problem-Solving Strategies are
revised to enhance conciseness and clarity for today’s students.

e The core modern physics chapters (Chapters 38—41) are revised extensively
to provide a more idea-centered, less historical approach to the material.
Chapters 4244 are also revised significantly.

e The fluid mechanics chapter now precedes the chapters on gravitation
and periodic motion, so that the latter immediately precedes the chapter on
mechanical waves.

e Additional bioscience applications appear throughout the text, mostly in the
form of marginal photos with explanatory captions, to help students see how
physics is connected to many breakthroughs and discoveries in the biosciences.

e The text has been streamlined for tighter and more focused language.

e Using data from MasteringPhysics, changes to the end-of-chapter content
include the following:

* 15%-20% of problems are new.

e The number and level of calculus-requiring problems has been increased.

* Most chapters include five to seven biosciences-related problems.

e The number of cumulative problems (those incorporating physics from
earlier chapters) has been increased.

e Over 70 PhET simulations are linked to the Pearson eText and provided in
the Study Area of the MasteringPhysics website (with icons in the print text).
These powerful simulations allow students to interact productively with the
physics concepts they are learning. PhET clicker questions are also included
on the Instructor Resource DVD.

e Video Tutors bring key content to life throughout the text:
¢ Dozens of Video Tutors feature ‘“pause-and-predict” demonstrations of

key physics concepts and incorporate assessment as the student progresses
to actively engage the student in understanding the key conceptual ideas
underlying the physics principles.

Standard, Extended,
and Three-Volume Editions

With MasteringPhysics:

Standard Edition: Chapters 1-37
(ISBN 978-0-321-69688-5)
Extended Edition: Chapters 1-44
(ISBN 978-0-321-67546-0)

Without MasteringPhysics:

Standard Edition: Chapters 1-37
(ISBN 978-0-321-69689-2)
Extended Edition: Chapters 1-44
(ISBN 978-0-321-69686-1)
Volume 1: Chapters 1-20

(ISBN 978-0-321-73338-2)
Volume 2: Chapters 21-37

(ISBN 978-0-321-75121-8)

Volume 3: Chapters 37-44
(ISBN 978-0-321-75120-1)
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PREFACE

* Every Worked Example in the book is accompanied by a Video Tutor
Solution that walks students through the problem-solving process, provid-
ing a virtual teaching assistant on a round-the-clock basis.

* All of these Video Tutors play directly through links within the Pearson
eText. Many also appear in the Study Area within MasteringPhysics.

Key Features of University Physics

e Deep and extensive problem sets cover a wide range of difficulty and exer-
cise both physical understanding and problem-solving expertise. Many prob-
lems are based on complex real-life situations.

e This text offers a larger number of Examples and Conceptual Examples than
any other leading calculus-based text, allowing it to explore problem-solving
challenges not addressed in other texts.

e A research-based problem-solving approach (Identify, Set Up, Execute,
Evaluate) is used not just in every Example but also in the Problem-Solving
Strategies and throughout the Student and Instructor Solutions Manuals and
the Study Guide. This consistent approach teaches students to tackle problems
thoughtfully rather than cutting straight to the math.

* Problem-Solving Strategies coach students in how to approach specific types
of problems.

* The Figures use a simplified graphical style to focus on the physics of a situa-
tion, and they incorporate explanatory annotation. Both techniques have
been demonstrated to have a strong positive effect on learning.

» Figures that illustrate Example solutions often take the form of black-and-
white pencil sketches, which directly represent what a student should draw in
solving such a problem.

e The popular Caution paragraphs focus on typical misconceptions and stu-
dent problem areas.

e End-of-section Test Your Understanding questions let students check their
grasp of the material and use a multiple-choice or ranking-task format to
probe for common misconceptions.

e Visual Summaries at the end of each chapter present the key ideas in words,
equations, and thumbnail pictures, helping students to review more effectively.

Instructor Supplements

Note: For convenience, all of the following instructor supplements (except for the
Instructor Resource DVD) can be downloaded from the Instructor Area, accessed
via the left-hand navigation bar of Mastering Physics (www.masteringphysics.com,).

Instructor Solutions, prepared by A. Lewis Ford (Texas A&M University)
and Wayne Anderson, contain complete and detailed solutions to all end-of-
chapter problems. All solutions follow consistently the same Identify/Set Up/
Execute/Evaluate problem-solving framework used in the textbook. Download
only from the MasteringPhysics Instructor Area or from the Instructor
Resource Center (www.pearsonhighered.com/irc).

The cross-platform Instructor Resource DVD (ISBN 978-0-321-69661-8) pro-
vides a comprehensive library of more than 420 applets from ActivPhysics
OnLine as well as all line figures from the textbook in JPEG format. In addition,
all the key equations, problem-solving strategies, tables, and chapter summaries
are provided in editable Word format. In-class weekly multiple-choice questions
for use with various Classroom Response Systems (CRS) are also provided,
based on the Test Your Understanding questions in the text. Lecture outlines in
PowerPoint are also included along with over 70 PhET simulations.
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MasteringPhysics® (www.masteringphysics.com) is the most advanced, educa-
tionally effective, and widely used physics homework and tutorial system in the
world. Eight years in development, it provides instructors with a library of exten-
sively pre-tested end-of-chapter problems and rich, multipart, multistep tutorials
that incorporate a wide variety of answer types, wrong answer feedback, individ-
ualized help (comprising hints or simpler sub-problems upon request), all driven
by the largest metadatabase of student problem-solving in the world. NSF-
sponsored published research (and subsequent studies) show that Mastering-
Physics has dramatic educational results. MasteringPhysics allows instructors to
build wide-ranging homework assignments of just the right difficulty and length
and provides them with efficient tools to analyze both class trends, and the work
of any student in unprecedented detail.

MasteringPhysics routinely provides instant and individualized feedback and
guidance to more than 100,000 students every day. A wide range of tools and
support make MasteringPhysics fast and easy for instructors and students to learn
to use. Extensive class tests show that by the end of their course, an unprece-
dented eight of nine students recommend MasteringPhysics as their preferred
way to study physics and do homework.

MasteringPhysics enables instructors to:

* Quickly build homework assignments that combine regular end-of-chapter
problems and tutoring (through additional multi-step tutorial problems that
offer wrong-answer feedback and simpler problems upon request).

* Expand homework to include the widest range of automatically graded activi-
ties available—from numerical problems with randomized values, through
algebraic answers, to free-hand drawing.

e Choose from a wide range of nationally pre-tested problems that provide
accurate estimates of time to complete and difficulty.

e After an assignment is completed, quickly identify not only the problems that
were the trickiest for students but the individual problem types where students
had trouble.

e Compare class results against the system’s worldwide average for each prob-
lem assigned, to identify issues to be addressed with just-in-time teaching.

e Check the work of an individual student in detail, including time spent on
each problem, what wrong answers they submitted at each step, how much
help they asked for, and how many practice problems they worked.

ActivPhysics OnLine™ (which is accessed through the Study Area within
www.masteringphysics.com) provides a comprehensive library of more than 420
tried and tested ActivPhysics applets updated for web delivery using the latest
online technologies. In addition, it provides a suite of highly regarded applet-
based tutorials developed by education pioneers Alan Van Heuvelen and Paul
D’ Alessandris. Margin icons throughout the text direct students to specific exer-
cises that complement the textbook discussion.

The online exercises are designed to encourage students to confront miscon-
ceptions, reason qualitatively about physical processes, experiment quantitatively,
and learn to think critically. The highly acclaimed ActivPhysics OnLine compan-
ion workbooks help students work through complex concepts and understand
them more clearly. More than 420 applets from the ActivPhysics OnLine library
are also available on the Instructor Resource DVD for this text.

The Test Bank contains more than 2,000 high-quality problems, with a range of
multiple-choice, true/false, short-answer, and regular homework-type questions.
Test files are provided both in TestGen (an easy-to-use, fully networkable pro-
gram for creating and editing quizzes and exams) and Word format. Download
only from the MasteringPhysics Instructor Area or from the Instructor Resource
Center (www.pearsonhighered.com/irc).

PREFACE
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Five Easy Lessons: Strategies for Successful Physics Teaching (ISBN 978-0-
805-38702-5) by Randall D. Knight (California Polytechnic State University, San
Luis Obispo) is packed with creative ideas on how to enhance any physics course.
It is an invaluable companion for both novice and veteran physics instructors.

Student Supplements

The Study Guide by Laird Kramer reinforces the text’s emphasis on problem-
solving strategies and student misconceptions. The Study Guide for Volume 1
(ISBN 978-0-321-69665-6) covers Chapters 1-20, and the Study Guide for Vol-
umes 2 and 3 (ISBN 978-0-321-69669-4) covers Chapters 21-44.

The Student Solutions Manual by Lewis Ford (Texas A&M University) and
Wayne Anderson contains detailed, step-by-step solutions to more than half of
the odd-numbered end-of-chapter problems from the textbook. All solutions fol-
low consistently the same Identify/Set Up/Execute/Evaluate problem-solving
framework used in the textbook. The Student Solutions Manual for Volume 1
(ISBN 978-0-321-69668-7) covers Chapters 1-20, and the Student Solutions
Manual for Volumes 2 and 3 (ISBN 978-0-321-69667-0) covers Chapters 21-44.

MasteringPhysics® (www.masteringphysics.com) is a homework, tutorial, and
assessment system based on years of research into how students work physics
problems and precisely where they need help. Studies show that students who use
MasteringPhysics significantly increase their scores compared to hand-written
homework. MasteringPhysics achieves this improvement by providing students
with instantaneous feedback specific to their wrong answers, simpler sub-problems
upon request when they get stuck, and partial credit for their method(s). This
individualized, 24/7 Socratic tutoring is recommended by nine out of ten students
to their peers as the most effective and time-efficient way to study.

Pearson eText is available through MasteringPhysics, either automatically when
MasteringPhysics is packaged with new books, or available as a purchased
upgrade online. Allowing students access to the text wherever they have access to
the Internet, Pearson eText comprises the full text, including figures that can be
enlarged for better viewing. With eText, students are also able to pop up defini-
tions and terms to help with vocabulary and the reading of the material. Students
can also take notes in eText using the annotation feature at the top of each page.

Pearson Tutor Services (www.pearsontutorservices.com). Each student’s subscrip-
tion to MasteringPhysics also contains complimentary access to Pearson Tutor Ser-
vices, powered by Smarthinking, Inc. By logging in with their MasteringPhysics ID
and password, students will be connected to highly qualified e-instructors who
provide additional interactive online tutoring on the major concepts of physics.
Some restrictions apply; offer subject to change.

ActivPhysics OnLine™ (which is accessed through the Study Area within
www.masteringphysics.com) provides students with a suite of highly regarded
applet-based tutorials (see above). The following workbooks help students work
through complex concepts and understand them more clearly.

ActivPhysics OnLine Workbook, Volume 1: Mechanics * Thermal Physics *
Oscillations & Waves (978-0-805-39060-5)

ActivPhysics OnLine Workbook, Volume 2: Electricity & Magnetism *
Optics * Modern Physics (978-0-805-39061-2)
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UNITS, PHYSICAL
QUANTITIES,
AND VECTORS

Being able to predict the path of a thunderstorm is essential for minimizing
the damage it does to lives and property. If a thunderstorm is moving at

20 km/h in a direction 53° north of east, how far north does the thunderstorm
move in 1 h?

hysics is one of the most fundamental of the sciences. Scientists of all dis-

ciplines use the ideas of physics, including chemists who study the struc-

ture of molecules, paleontologists who try to reconstruct how dinosaurs
walked, and climatologists who study how human activities affect the atmos-
phere and oceans. Physics is also the foundation of all engineering and technol-
ogy. No engineer could design a flat-screen TV, an interplanetary spacecraft, or
even a better mousetrap without first understanding the basic laws of physics.

The study of physics is also an adventure. You will find it challenging, some-
times frustrating, occasionally painful, and often richly rewarding. If you’ve ever
wondered why the sky is blue, how radio waves can travel through empty space,
or how a satellite stays in orbit, you can find the answers by using fundamental
physics. You will come to see physics as a towering achievement of the human
intellect in its quest to understand our world and ourselves.

In this opening chapter, we’ll go over some important preliminaries that we’ll
need throughout our study. We’ll discuss the nature of physical theory and the use
of idealized models to represent physical systems. We’ll introduce the systems of
units used to describe physical quantities and discuss ways to describe the accu-
racy of a number. We’ll look at examples of problems for which we can’t (or
don’t want to) find a precise answer, but for which rough estimates can be useful
and interesting. Finally, we’ll study several aspects of vectors and vector algebra.
Vectors will be needed throughout our study of physics to describe and analyze
physical quantities, such as velocity and force, that have direction as well as
magnitude.

LEARNING GOALS

By studying this chapter, you will
learn:

e Three fundamental quantities of
physics and the units physicists
use to measure them.

e How to keep track of significant
figures in your calculations.

e The difference between scalars and
vectors, and how to add and sub-
tract vectors graphically.

e \What the components of a vector
are, and how to use them in
calculations.

e \What unit vectors are, and how
to use them with components to
describe vectors.

e Two ways of multiplying vectors.
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1.1 Two research laboratories. (a) Accord-
ing to legend, Galileo investigated falling
bodies by dropping them from the Leaning
Tower in Pisa, Italy, and he studied pendu-
lum motion by observing the swinging of
the chandelier in the adjacent cathedral.
(b) The Large Hadron Collider (LHC) in
Geneva, Switzerland, the world’s largest
particle accelerator, is used to explore the
smallest and most fundamental con-
stituents of matter. This photo shows a
portion of one of the LHC’s detectors
(note the worker on the yellow platform).

(@)

1.1 The Nature of Physics

Physics is an experimental science. Physicists observe the phenomena of nature
and try to find patterns that relate these phenomena. These patterns are called
physical theories or, when they are very well established and widely used, physi-
cal laws or principles.

CAUTION  The meaning of the word “theory” Calling an idea a theory does not mean that
it’s just a random thought or an unproven concept. Rather, a theory is an explanation of
natural phenomena based on observation and accepted fundamental principles. An exam-
ple is the well-established theory of biological evolution, which is the result of extensive
research and observation by generations of biologists.

To develop a physical theory, a physicist has to learn to ask appropriate ques-
tions, design experiments to try to answer the questions, and draw appropriate
conclusions from the results. Figure 1.1 shows two famous facilities used for
physics experiments.

Legend has it that Galileo Galilei (1564-1642) dropped light and heavy
objects from the top of the Leaning Tower of Pisa (Fig. 1.1a) to find out whether
their rates of fall were the same or different. From examining the results of his
experiments (which were actually much more sophisticated than in the legend),
he made the inductive leap to the principle, or theory, that the acceleration of a
falling body is independent of its weight.

The development of physical theories such as Galileo’s often takes an indirect
path, with blind alleys, wrong guesses, and the discarding of unsuccessful theo-
ries in favor of more promising ones. Physics is not simply a collection of facts
and principles; it is also the process by which we arrive at general principles that
describe how the physical universe behaves.

No theory is ever regarded as the final or ultimate truth. The possibility always
exists that new observations will require that a theory be revised or discarded. It is
in the nature of physical theory that we can disprove a theory by finding behavior
that is inconsistent with it, but we can never prove that a theory is always correct.

Getting back to Galileo, suppose we drop a feather and a cannonball. They
certainly do not fall at the same rate. This does not mean that Galileo was wrong;
it means that his theory was incomplete. If we drop the feather and the cannon-
ball in a vacuum to eliminate the effects of the air, then they do fall at the same
rate. Galileo’s theory has a range of validity: It applies only to objects for which
the force exerted by the air (due to air resistance and buoyancy) is much less than
the weight. Objects like feathers or parachutes are clearly outside this range.

Often a new development in physics extends a principle’s range of validity.
Galileo’s analysis of falling bodies was greatly extended half a century later by
Newton’s laws of motion and law of gravitation.

1.2 Solving Physics Prohlems

At some point in their studies, almost all physics students find themselves think-
ing, “I understand the concepts, but I just can’t solve the problems.” But in
physics, truly understanding a concept means being able to apply it to a variety of
problems. Learning how to solve problems is absolutely essential; you don’t
know physics unless you can do physics.

How do you learn to solve physics problems? In every chapter of this book
you will find Problem-Solving Strategies that offer techniques for setting up and
solving problems efficiently and accurately. Following each Problem-Solving
Strategy are one or more worked Examples that show these techniques in action.
(The Problem-Solving Strategies will also steer you away from some incorrect
techniques that you may be tempted to use.) You’ll also find additional examples
that aren’t associated with a particular Problem-Solving Strategy. In addition,
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at the end of each chapter you’ll find a Bridging Problem that uses more than one
of the key ideas from the chapter. Study these strategies and problems carefully,
and work through each example for yourself on a piece of paper.

Different techniques are useful for solving different kinds of physics prob-
lems, which is why this book offers dozens of Problem-Solving Strategies. No
matter what kind of problem you’re dealing with, however, there are certain key
steps that you’ll always follow. (These same steps are equally useful for prob-
lems in math, engineering, chemistry, and many other fields.) In this book we’ve
organized these steps into four stages of solving a problem.

All of the Problem-Solving Strategies and Examples in this book will follow
these four steps. (In some cases we will combine the first two or three steps.) We
encourage you to follow these same steps when you solve problems yourself.
You may find it useful to remember the acronym I SEE—short for Identify,
Set up, Execute, and Evaluate.

CICLIED BTN ISGEICT A Solving Physics Problems

IDENTIFY the relevant concepts: Use the physical conditions
stated in the problem to help you decide which physics concepts
are relevant. Identify the target variables of the problem—that is,
the quantities whose values you’re trying to find, such as the speed
at which a projectile hits the ground, the intensity of a sound made
by a siren, or the size of an image made by a lens. Identify the
known quantities, as stated or implied in the problem. This step is
essential whether the problem asks for an algebraic expression or a
numerical answer.

SET UP the problem: Given the concepts you have identified and
the known and target quantities, choose the equations that you’ll
use to solve the problem and decide how you’ll use them. Make
sure that the variables you have identified correlate exactly with
those in the equations. If appropriate, draw a sketch of the situation
described in the problem. (Graph paper, ruler, protractor, and com-
pass will help you make clear, useful sketches.) As best you can,

Idealized Models

estimate what your results will be and, as appropriate, predict what
the physical behavior of a system will be. The worked examples in
this book include tips on how to make these kinds of estimates and
predictions. If this seems challenging, don’t worry—you’ll get
better with practice!

EXECUTE the solution: This is where you “do the math.” Study the
worked examples to see what’s involved in this step.

EVALUATE your answer: Compare your answer with your esti-
mates, and reconsider things if there’s a discrepancy. If your
answer includes an algebraic expression, assure yourself that it
represents what would happen if the variables in it were taken to
extremes. For future reference, make note of any answer that rep-
resents a quantity of particular significance. Ask yourself how you
might answer a more general or more difficult version of the prob-
lem you have just solved.

In everyday conversation we use the word “model” to mean either a small-scale
replica, such as a model railroad, or a person who displays articles of clothing (or
the absence thereof). In physics a model is a simplified version of a physical sys-
tem that would be too complicated to analyze in full detail.

For example, suppose we want to analyze the motion of a thrown baseball
(Fig. 1.2a). How complicated is this problem? The ball is not a perfect sphere (it
has raised seams), and it spins as it moves through the air. Wind and air resistance
influence its motion, the ball’s weight varies a little as its distance from the center
of the earth changes, and so on. If we try to include all these things, the analysis
gets hopelessly complicated. Instead, we invent a simplified version of the prob-
lem. We neglect the size and shape of the ball by representing it as a point object,
or particle. We neglect air resistance by making the ball move in a vacuum, and
we make the weight constant. Now we have a problem that is simple enough to
deal with (Fig. 1.2b). We will analyze this model in detail in Chapter 3.

We have to overlook quite a few minor effects to make an idealized model, but
we must be careful not to neglect too much. If we ignore the effects of gravity
completely, then our model predicts that when we throw the ball up, it will go in
a straight line and disappear into space. A useful model is one that simplifies a
problem enough to make it manageable, yet keeps its essential features.

1.2 To simplify the analysis of (a) a base-
ball in flight, we use (b) an idealized model.
(a) A real baseball in flight

Baseball spins and has a complex shape.

Air resistance and

wind exert forces --..,
on the ball. %

Direction of
motion

Gravitational force on ball
depends on altitude.

(b) An idealized model of the baseball

Baseball is treated as a point object (particle).

No air resistance. S
Direction of

o . motion
Gravitational force

on ball is constant.
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1.3 The measurements used to determine
(a) the duration of a second and (b) the
length of a meter. These measurements are
useful for setting standards because they
give the same results no matter where they
are made.

(a) Measuring the second

Microwave radiation with a frequency of
exactly 9,192,631,770 cycles per second ...

Outermost
electron
Cesium-133 2 1 @
atom N

... causes the outermost electron of a
cesium-133 atom to reverse its spin direction.

Cesium-133
atom

—~
. &
—

An atomic clock uses this phenomenon to tune
microwaves to this exact frequency. It then
counts 1 second for each 9,192,631,770 cycles.

(b) Measuring the meter

0:00 5] 0:01 5

Eii?4/\/\/\/\/\/\/\/\/\/\F\»

Light travels exactly !
299,792,458 min 1 s.

source

The validity of the predictions we make using a model is limited by the valid-
ity of the model. For example, Galileo’s prediction about falling bodies (see Sec-
tion 1.1) corresponds to an idealized model that does not include the effects of air
resistance. This model works fairly well for a dropped cannonball, but not so well
for a feather.

Idealized models play a crucial role throughout this book. Watch for them in
discussions of physical theories and their applications to specific problems.

1.3 Standards and Units

As we learned in Section 1.1, physics is an experimental science. Experiments
require measurements, and we generally use numbers to describe the results of
measurements. Any number that is used to describe a physical phenomenon
quantitatively is called a physical quantity. For example, two physical quantities
that describe you are your weight and your height. Some physical quantities are
so fundamental that we can define them only by describing how to measure them.
Such a definition is called an operational definition. Two examples are measur-
ing a distance by using a ruler and measuring a time interval by using a stop-
watch. In other cases we define a physical quantity by describing how to
calculate it from other quantities that we can measure. Thus we might define the
average speed of a moving object as the distance traveled (measured with a ruler)
divided by the time of travel (measured with a stopwatch).

When we measure a quantity, we always compare it with some reference stan-
dard. When we say that a Ferrari 458 Italia is 4.53 meters long, we mean that it is
4.53 times as long as a meter stick, which we define to be 1 meter long. Such a
standard defines a unit of the quantity. The meter is a unit of distance, and the
second is a unit of time. When we use a number to describe a physical quantity,
we must always specify the unit that we are using; to describe a distance as
simply “4.53” wouldn’t mean anything.

To make accurate, reliable measurements, we need units of measurement that
do not change and that can be duplicated by observers in various locations. The
system of units used by scientists and engineers around the world is commonly
called “the metric system,” but since 1960 it has been known officially as the
International System, or SI (the abbreviation for its French name, Systeme
International). Appendix A gives a list of all SI units as well as definitions of the
most fundamental units.

Time

From 1889 until 1967, the unit of time was defined as a certain fraction of the
mean solar day, the average time between successive arrivals of the sun at its high-
est point in the sky. The present standard, adopted in 1967, is much more precise.
It is based on an atomic clock, which uses the energy difference between the two
lowest energy states of the cesium atom. When bombarded by microwaves of pre-
cisely the proper frequency, cesium atoms undergo a transition from one of these
states to the other. One second (abbreviated s) is defined as the time required for
9,192,631,770 cycles of this microwave radiation (Fig. 1.3a).

Length

In 1960 an atomic standard for the meter was also established, using the wave-
length of the orange-red light emitted by atoms of krypton (®Kr) in a glow dis-
charge tube. Using this length standard, the speed of light in vacuum was
measured to be 299,792,458 m/s. In November 1983, the length standard was
changed again so that the speed of light in vacuum was defined to be precisely



299,792,458 m/s. Hence the new definition of the meter (abbreviated m) is the
distance that light travels in vacuum in 1/299,792,458 second (Fig. 1.3b). This
provides a much more precise standard of length than the one based on a wave-
length of light.

The standard of mass, the kilogram (abbreviated kg), is defined to be the mass of
a particular cylinder of platinum—iridium alloy kept at the International Bureau
of Weights and Measures at Sevres, near Paris (Fig. 1.4). An atomic standard of
mass would be more fundamental, but at present we cannot measure masses on
an atomic scale with as much accuracy as on a macroscopic scale. The gram
(which is not a fundamental unit) is 0.001 kilogram.

Unit Prefixes

Once we have defined the fundamental units, it is easy to introduce larger and
smaller units for the same physical quantities. In the metric system these other
units are related to the fundamental units (or, in the case of mass, to the gram) by
multiples of 10 or %. Thus one kilometer (1 km) is 1000 meters, and one cen-
timeter (1 cm) is ﬁ meter. We usually express multiples of 10 or % in exponential
notation: 1000 = 10{@ = 1073, and so on. With this notation, 1 km = 10° m
and 1cm = 1072 m.

The names of the additional units are derived by adding a prefix to the name
of the fundamental unit. For example, the prefix “kilo-,” abbreviated k, always
means a unit larger by a factor of 1000; thus

1 kilometer = 1 km = 10° meters = 10> m
1 kg 10% grams 10° g
1kW = 10° watts = 10° W

1 kilogram
1 kilowatt

A table on the inside back cover of this book lists the standard SI prefixes, with
their meanings and abbreviations.

Table 1.1 gives some examples of the use of multiples of 10 and their prefixes
with the units of length, mass, and time. Figure 1.5 shows how these prefixes are
used to describe both large and small distances.

The British System

Finally, we mention the British system of units. These units are used only in the
United States and a few other countries, and in most of these they are being replaced
by SI units. British units are now officially defined in terms of SI units, as follows:

Length: 1 inch = 2.54 cm (exactly)

Force: 1 pound = 4.448221615260 newtons (exactly)

Table 1.1 Some Units of Length, Mass, and Time
Length Mass

I nanometer = Ilnm = 10" m
(a few times the size of the largest atom)

I microgram = 1pug = 10_6g =107 kg
(mass of a very small dust particle)

1 milligram = 1mg = 1073 g = 10"%kg
(mass of a grain of salt)

1 gram =1lg = 1073 kg
(mass of a paper clip)

1 micrometer = 1 um = 10°m
(size of some bacteria and living cells)

1 millimeter = 1 mm = 10> m
(diameter of the point of a ballpoint pen)

1 centimeter = Icm = 1072m
(diameter of your little finger)

1 kilometer = 1km = 10°m
(a 10-minute walk)

1.3 Standards and Units B

1.4 The international standard kilogram
is the metal object carefully enclosed
within these nested glass containers.

Time

1 nanosecond = 1ns = 10%s
(time for light to travel 0.3 m)

1 microsecond = 1 us = 106
(time for space station to move 8§ mm)

1 millisecond = 1ms = 1035
(time for sound to travel 0.35 m)
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1.5 Some typical lengths in the universe. (f) is a scanning tunneling microscope image of atoms on a crystal surface; (g) is an artist’s
impression.

(@)10*° m
Limit of the (b)10'' m
observable Distance to ©10"m
universe the sun Diameter of (d)1m
the earth Human ()10 m L
dimensions Diameter of a 107 0m
red blood cell Radius of an (@10 “m
atom Radius of an

1.6 Many everyday items make use of
both SI and British units. An example is
this speedometer from a U.S.-built auto-
mobile, which shows the speed in both
kilometers per hour (inner scale) and miles
per hour (outer scale).

1
/
w - 100 ~
160 -

180 = —

200 _120—

~—
1490 ~
N

220 kmih
~
miles

atomic nucleus

The newton, abbreviated N, is the SI unit of force. The British unit of time is the
second, defined the same way as in SI. In physics, British units are used only in
mechanics and thermodynamics; there is no British system of electrical units.

In this book we use SI units for all examples and problems, but we occasion-
ally give approximate equivalents in British units. As you do problems using
ST units, you may also wish to convert to the approximate British equivalents if
they are more familiar to you (Fig. 1.6). But you should try to think in SI units as
much as you can.

1.4 Unit Consistency and Conversions

We use equations to express relationships among physical quantities, represented
by algebraic symbols. Each algebraic symbol always denotes both a number and
a unit. For example, d might represent a distance of 10 m, f a time of 5 s, and v a
speed of 2 m/s.

An equation must always be dimensionally consistent. You can’t add apples
and automobiles; two terms may be added or equated only if they have the same
units. For example, if a body moving with constant speed v travels a distance d in
a time f, these quantities are related by the equation

d = vt

If d is measured in meters, then the product vf must also be expressed in meters.
Using the above numbers as an example, we may write

10m = (22“)(5 )

Because the unit 1/s on the right side of the equation cancels the unit s, the prod-
uct has units of meters, as it must. In calculations, units are treated just like alge-
braic symbols with respect to multiplication and division.

CAUTION  Always use units in calculations When a problem requires calculations using
numbers with units, always write the numbers with the correct units and carry the units
through the calculation as in the example above. This provides a very useful check. If at
some stage in a calculation you find that an equation or an expression has inconsistent
units, you know you have made an error somewhere. In this book we will always carry
units through all calculations, and we strongly urge you to follow this practice when you
solve problems.
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CGLE BT EEICT I Soluing Physics Problems

IDENTIFY the relevant concepts: In most cases, it’s best to use the
fundamental SI units (lengths in meters, masses in kilograms, and
times in seconds) in every problem. If you need the answer to be in
a different set of units (such as kilometers, grams, or hours), wait
until the end of the problem to make the conversion.

SET UP the problem and EKECUTE the solution: Units are multi-
plied and divided just like ordinary algebraic symbols. This gives
us an easy way to convert a quantity from one set of units to
another: Express the same physical quantity in two different units
and form an equality.

For example, when we say that 1 min = 60 s, we don’t mean
that the number 1 is equal to the number 60; rather, we mean that
1 min represents the same physical time interval as 60 s. For this
reason, the ratio (1 min)/(60s) equals 1, as does its reciprocal
(60s)/(1 min). We may multiply a quantity by either of these

m Converting speed units

The world land speed record is 763.0 mi/h, set on October 15,
1997, by Andy Green in the jet-engine car Thrust SSC. Express
this speed in meters per second.

IDENTIFY, SET UP, and EXECUTE: We need to convert the units of a
speed from mi/h to m/s. We must therefore find unit multipliers
that relate (i) miles to meters and (ii) hours to seconds. In Appen-
dix E (or inside the front cover of this book) we find the equalities
1mi = 1.609 km, 1 km = 1000 m, and 1 h = 3600 s. We set up
the conversion as follows, which ensures that all the desired can-
cellations by division take place:

L i\ (1.609 ka1 \ / 1000 m 1k
763.0 mi/h = (763.0 W )( 1 >< 1 ket >(36OO s)

= 341.0 m/s

m Converting volume units

The world’s largest cut diamond is the First Star of Africa
(mounted in the British Royal Sceptre and kept in the Tower of
London). Its volume is 1.84 cubic inches. What is its volume in
cubic centimeters? In cubic meters?

IDENTIFY, SET UP, and EXECUTE: Here we are to convert the units
of a volume from cubic inches (in.3) to both cubic centimeters
(ecm?) and cubic meters (m*). Appendix E gives us the equality
1in. = 2.540 cm, from which we obtain 1 in.> = (2.54 cm)?. We
then have

2.54 cm>3

1.841in.> = (1.841in.’ (
in.” = (184 i\ =)

3

= (1.84)(2.54)3 o o

=302 cm’
i’

(we)
factors (which we call wunit multipliers) without changing that

quantity’s physical meaning. For example, to find the number of
seconds in 3 min, we write

3 min = (3 miﬁ)( 60s ) = 180s
1 min

EVALUATE your answer: If you do your unit conversions correctly,
unwanted units will cancel, as in the example above. If, instead, you
had multiplied 3 min by (1 min)/(60 s), your result would have
been the nonsensical % minz/ s. To be sure you convert units prop-
erly, you must write down the units at a// stages of the calculation.

Finally, check whether your answer is reasonable. For example,
the result 3 min = 180 s is reasonable because the second is a
smaller unit than the minute, so there are more seconds than min-
utes in the same time interval.

EVALUATE: Green’s was the first supersonic land speed record (the
speed of sound in air is about 340 m/s). This example shows a use-
ful rule of thumb: A speed expressed in m/s is a bit less than half
the value expressed in mi/h, and a bit less than one-third the value
expressed in km/h. For example, a normal freeway speed is about
30 m/s = 67 mi/h = 108 km/h, and a typical walking speed is
about 1.4 m/s = 3.1 mi/h = 5.0 km/h.

Appendix F also givesus1 m = 100 cm, so

Im \?
30.2 cm® = (30.2 cm?® ( )
em” = (302emI\ 100 em

(302)( ! )3 I’ ) % 1076 md
= . — = . m
100 car

=3.02X% 1075 m?

EVALUATE: Following the pattern of these conversions, you can
show that 1in.> = 16 cm® and that 1 m® =~ 60,000 in.3. These
approximate unit conversions may be useful for future reference.
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1.7 This spectacular mishap was the result
of a very small percent error—traveling a
few meters too far at the end of a journey of
hundreds of thousands of meters.

Table 1.2 Using Significant
Figures

Multiplication or division:

Result may have no more significant figures
than the starting number with the fewest
significant figures:

0.745 X 2.2
3.885
132578 X 107 X 4.11 X 10> = 5.45 X 10*

Addition or subtraction:

Number of significant figures is determined by
the starting number with the largest uncertainty
(i.e., fewest digits to the right of the decimal
point):

27153 + 1382 — 11.74 = 153.6

1.8 Determining the value of 7r from the
circumference and diameter of a circle.

424 mm
%

The measured values have only three significant
figures, so their calculated ratio (7) also has
only three significant figures.

1.5 Uncertainty and Significant Figures

Measurements always have uncertainties. If you measure the thickness of the
cover of a hardbound version of this book using an ordinary ruler, your measure-
ment is reliable only to the nearest millimeter, and your result will be 3 mm. It
would be wrong to state this result as 3.00 mm; given the limitations of the meas-
uring device, you can’t tell whether the actual thickness is 3.00 mm, 2.85 mm, or
3.11 mm. But if you use a micrometer caliper, a device that measures distances
reliably to the nearest 0.01 mm, the result will be 2.91 mm. The distinction
between these two measurements is in their uncertainty. The measurement using
the micrometer caliper has a smaller uncertainty; it’s a more accurate measure-
ment. The uncertainty is also called the error because it indicates the maximum
difference there is likely to be between the measured value and the true value.
The uncertainty or error of a measured value depends on the measurement tech-
nique used.

We often indicate the accuracy of a measured value—that is, how close it is
likely to be to the true value—by writing the number, the symbol =, and a sec-
ond number indicating the uncertainty of the measurement. If the diameter of a
steel rod is given as 56.47 = 0.02 mm, this means that the true value is unlikely
to be less than 56.45 mm or greater than 56.49 mm. In a commonly used short-
hand notation, the number 1.6454(21) means 1.6454 * 0.0021. The numbers in
parentheses show the uncertainty in the final digits of the main number.

We can also express accuracy in terms of the maximum likely fractional
error or percent error (also called fractional uncertainty and percent uncer-
tainty). A resistor labeled “47 ohms = 10%” probably has a true resistance that
differs from 47 ohms by no more than 10% of 47 ohms—that is, by about 5 ohms.
The resistance is probably between 42 and 52 ohms. For the diameter of the steel
rod given above, the fractional error is (0.02 mm)/(56.47 mm), or about 0.0004;
the percent error is (0.0004)(100%), or about 0.04%. Even small percent errors
can sometimes be very significant (Fig. 1.7).

In many cases the uncertainty of a number is not stated explicitly. Instead, the
uncertainty is indicated by the number of meaningful digits, or significant figures,
in the measured value. We gave the thickness of the cover of this book as 2.91 mm,
which has three significant figures. By this we mean that the first two digits are
known to be correct, while the third digit is uncertain. The last digit is in the hun-
dredths place, so the uncertainty is about 0.01 mm. Two values with the same
number of significant figures may have different uncertainties; a distance given as
137 km also has three significant figures, but the uncertainty is about 1 km.

When you use numbers that have uncertainties to compute other numbers, the
computed numbers are also uncertain. When numbers are multiplied or divided,
the number of significant figures in the result can be no greater than in the factor
with the fewest significant figures. For example, 3.1416 X 2.34 X 0.58 = 4.3.
When we add and subtract numbers, it’s the location of the decimal point that mat-
ters, not the number of significant figures. For example, 123.62 + 8.9 = 132.5.
Although 123.62 has an uncertainty of about 0.01, 8.9 has an uncertainty of about
0.1. So their sum has an uncertainty of about 0.1 and should be written as 132.5,
not 132.52. Table 1.2 summarizes these rules for significant figures.

As an application of these ideas, suppose you want to verify the value of 7,
the ratio of the circumference of a circle to its diameter. The true value of this
ratio to ten digits is 3.141592654. To test this, you draw a large circle and meas-
ure its circumference and diameter to the nearest millimeter, obtaining the values
424 mm and 135 mm (Fig. 1.8). You punch these into your calculator and obtain
the quotient (424 mm)/(135 mm) = 3.140740741. This may seem to disagree
with the true value of 7, but keep in mind that each of your measurements has
three significant figures, so your measured value of 77 can have only three signif-
icant figures. It should be stated simply as 3.14. Within the limit of three signifi-
cant figures, your value does agree with the true value.



1.5 Uncertainty and Significant Figures

In the examples and problems in this book we usually give numerical values
with three significant figures, so your answers should usually have no more than
three significant figures. (Many numbers in the real world have even less accu-
racy. An automobile speedometer, for example, usually gives only two significant
figures.) Even if you do the arithmetic with a calculator that displays ten digits, it
would be wrong to give a ten-digit answer because it misrepresents the accuracy
of the results. Always round your final answer to keep only the correct number of
significant figures or, in doubtful cases, one more at most. In Example 1.1 it
would have been wrong to state the answer as 341.01861 m/s. Note that when
you reduce such an answer to the appropriate number of significant figures, you
must round, not truncate. Your calculator will tell you that the ratio of 525 m to
311 mis 1.688102894; to three significant figures, this is 1.69, not 1.68.

When we calculate with very large or very small numbers, we can show sig-
nificant figures much more easily by using scientific notation, sometimes called
powers-of-10 notation. The distance from the earth to the moon is about
384,000,000 m, but writing the number in this form doesn’t indicate the number
of significant figures. Instead, we move the decimal point eight places to the left
(corresponding to dividing by 10%) and multiply by 103; that is,

384,000,000 m = 3.84 X 108 m

In this form, it is clear that we have three significant figures. The number
4.00 X 1077 also has three significant figures, even though two of them are
zeros. Note that in scientific notation the usual practice is to express the quantity
as a number between 1 and 10 multiplied by the appropriate power of 10.

When an integer or a fraction occurs in a general equation, we treat that
number as having no uncertainty at all. For example, in the equation
v = v + 2a,(x — xg), which is Eq. (2.13) in Chapter 2, the coefficient 2 is
exactly 2. We can consider this coefficient as having an infinite number of signif-
icant figures (2.000000. .. ). The same is true of the exponent 2 in vx2 and voxz.

Finally, let’s note that precision is not the same as accuracy. A cheap digital
watch that gives the time as 10:35:17 A.M. is very precise (the time is given to the
second), but if the watch runs several minutes slow, then this value isn’t very
accurate. On the other hand, a grandfather clock might be very accurate (that is,
display the correct time), but if the clock has no second hand, it isn’t very precise.
A high-quality measurement is both precise and accurate.

m Significant figures in multiplication

The rest energy E of an object with rest mass m is given by
Einstein’s famous equation E = mc?, where ¢ is the speed of light
in vacuum. Find E for an electron for which (to three significant
figures) m = 9.11 X 1073 kg. The SI unit for E is the joule (J);
1] = 1kg-m?/s%,

IDENTIFY and SET UP: Our target variable is the energy E. We are
given the value of the mass m; from Section 1.3 (or Appendix F)
the speed of light is ¢ = 2.99792458 X 108 m/s.

EKECUTE: Substituting the values of m and c into Einstein’s equa-
tion, we find

E = (9.11 x 103" kg)(2.99792458 X 10 m/s)?
(9.11)(2.99792458)*(10721)(10%)? kg - m?/s?
= (81.87659678) (10l 31+ (2X8)]) kg - m?/s?

= 8.187659678 X 10 kg - m?/s?

Since the value of m was given to only three significant figures, we
must round this to

E =819 X 107 ¥ kg-m?/s> = 8.19 X 107147

EVALUATE: While the rest energy contained in an electron may
seem ridiculously small, on the atomic scale it is tremendous.
Compare our answer to 107'°J, the energy gained or lost by a
single atom during a typical chemical reaction. The rest energy of
an electron is about 1,000,000 times larger! (We’ll discuss the sig-
nificance of rest energy in Chapter 37.)
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Test Your Understanding of Section 1.5 The density of a material is (‘\®
equal to its mass divided by its volume. What is the density (in kg/ m?) of a rock of w
mass 1.80 kg and volume 6.0 X 10~ m®? (i) 3 X 10% kg/m?; (ii) 3.0 X 10° kg /m>;

(iii) 3.00 X 10% kg/m?; (iv) 3.000 X 103 kg/m?; (v) any of these—all of these answers
are mathematically equivalent. |

1.6 Estimates and Orders of Magnitude

We have stressed the importance of knowing the accuracy of numbers that repre-
sent physical quantities. But even a very crude estimate of a quantity often gives
us useful information. Sometimes we know how to calculate a certain quantity,
but we have to guess at the data we need for the calculation. Or the calculation
might be too complicated to carry out exactly, so we make some rough approxi-
mations. In either case our result is also a guess, but such a guess can be useful
even if it is uncertain by a factor of two, ten, or more. Such calculations are often
called order-of-magnitude estimates. The great Italian-American nuclear physi-
cist Enrico Fermi (1901-1954) called them “back-of-the-envelope calculations.”

Exercises 1.16 through 1.25 at the end of this chapter are of the estimating, or
order-of-magnitude, variety. Most require guesswork for the needed input data.
Don’t try to look up a lot of data; make the best guesses you can. Even when they
are off by a factor of ten, the results can be useful and interesting.

3EL NN An order-of-magnitude estimate

R | o
MasteringPHYSIES
X
PhET: Estimation

You are writing an adventure novel in which the hero escapes
across the border with a billion dollars” worth of gold in his suit-
case. Could anyone carry that much gold? Would it fit in a suit-
case?

IDENTIFY, SET UP, and EXECUTE: Gold sells for around $400 an
ounce. (The price has varied between $200 and $1000 over the
past decade or so.) An ounce is about 30 grams; that’s worth
remembering. So ten dollars’ worth of gold has a mass of %
ounce, or around one gram. A billion (10?) dollars’ worth of gold

is a hundred million (10%) grams, or a hundred thousand (10°)
kilograms. This corresponds to a weight in British units of
around 200,000 1b, or 100 tons. No human hero could lift that
weight!

Roughly what is the volume of this gold? The density of gold is
much greater than that of water (1 g/cm®), or 1000 kg /m?; if its
density is 10 times that of water, this much gold will have a vol-
ume of 10 m®, many times the volume of a suitcase.

EVALUATE: Clearly your novel needs rewriting. Try the calculation
again with a suitcase full of five-carat (1-gram) diamonds, each
worth $100,000. Would this work?

Application Scalar Temperature,
Vector Wind

Test Your Understanding of Section 1.6 Can you estimate the total number
of teeth in all the mouths of everyone (students, staff, and faculty) on your campus?
(Hint: How many teeth are in your mouth? Count them!) |

This weather station measures temperature, a
scalar quantity that can be positive or negative
(say, +20°C or —5°C) but has no direction. It
also measures wind velocity, which is a vector
quantity with both magnitude and direction (for
example, 15 km/h from the west).

1.7 lectors and Vector Addition

Some physical quantities, such as time, temperature, mass, and density, can be
described completely by a single number with a unit. But many other important
quantities in physics have a direction associated with them and cannot be
described by a single number. A simple example is describing the motion of an
airplane: We must say not only how fast the plane is moving but also in what
direction. The speed of the airplane combined with its direction of motion
together constitute a quantity called velocity. Another example is force, which in
physics means a push or pull exerted on a body. Giving a complete description of
a force means describing both how hard the force pushes or pulls on the body and
the direction of the push or pull.




When a physical quantity is described by a single number, we call it a scalar
quantity. In contrast, a vector quantity has both a magnitude (the “how much”
or “how big” part) and a direction in space. Calculations that combine scalar quan-
tities use the operations of ordinary arithmetic. For example, 6 kg + 3 kg = 9 kg,
or4 X 2's = 8 s. However, combining vectors requires a different set of operations.

To understand more about vectors and how they combine, we start with the
simplest vector quantity, displacement. Displacement is simply a change in the
position of an object. Displacement is a vector quantity because we must state not
only how far the object moves but also in what direction. Walking 3 km north
from your front door doesn’t get you to the same place as walking 3 km southeast;
these two displacements have the same magnitude but different directions.

We usually represent a vector quantity such as displacement by a single letter,
such as 4 in Fig. 1.9a. In this book we always print vector symbols in boldface
italic type with an arrow above them. We do this to remind you that vector quan-
tities have different properties from scalar quantities; the arrow is a reminder that
vectors have direction. When you handwrite a symbol for a vector, always write
it with an arrow on top. If you don’t distinguish between scalar and vector quan-
tities in your notation, you probably won’t make the distinction in your thinking
either, and hopeless confusion will result.

We always draw a vector as a line with an arrowhead at its tip. The length of
the line shows the vector’s magnitude, and the direction of the line shows the
vector’s direction. Displacement is always a straight-line segment directed from
the starting point to the ending point, even though the object’s actual path may be
curved (Fig. 1.9b). Note that displacement is not related directly to the total
distance traveled. If the object were to continue on past P, and then return to P,
the displacement for the entire trip would be zero (Fig. 1.9¢).

If two vectors have the same direction, they are parallel. If they have the same
magnitude and the same direction, they are equal, no matter where they are located
in space. The vector A’ from pomt P; to point P; in Fig. 1.10 has the same length
and direction as the vector A from P, to P,. These two displacements are equal,
even though they start at different points. We write this as A =Ain Fig. 1.10;
the boldface equals sign emphasizes that equality of two vector quantities is not
the same relationship as equality of two scalar quantities. Two vector quantities
are equal only when they have the same magnitude and the same direction.

The vector B in Fig. 1.10, however, is not equal to A because its direction is
opposite to that of A. We define the negative of a vector as a vector having the
same magnltude as the original vector but the opposite direction. The negative of
vector quantity A is denoted as —A and we usea boldface minus s1gn to empha-
size the vector nature of the quantities. If Ais87 m south then —Ais 87 m
north Thus we can wr1te the relationship between A and B in Fig. 1.10 as
A= —Bor B= —A. When two vectors A and B have opposite directions,
whether their magnitudes are the same or not, we say that they are antiparallel.

We usually represent the magnitude of a vector quantity (in the case of a dis-
placement vector, its length) by the same letter used for the vector, but in light
italic type with no arrow on top. An alternative notation is the vector symbol with
vertical bars on both sides:

(Magnitude of A) = A = |4 (1.1

The magnitude of a vector quantity is a scalar quantity (a number) and is always
positive. Note that a vector can never be equal to a scalar because they are
different kinds of quantities. The expression “A = 6m” is just as wrong as
“2 oranges = 3 apples”!

When drawing diagrams with vectors, it’s best to use a scale similar to those
used for maps. For example, a displacement of 5 km might be represented in a
diagram by a vector 1 cm long, and a displacement of 10 km by a vector 2 cm

long. In a diagram for velocity vectors, a vector that is 1 cm long might represent
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1.9 Displacement as a vector quantity. A
displacement is always a straight-line seg-
ment directed from the starting point to the
ending point, even if the path is curved.

(a) We represent a displacement by an arrow
pointing in the direction of displacement.

Ending position: P,

Starting position: P

'
Displacement A

-

Handwritten notation: H

(b) Displacement depends only on the starting
and ending positions—not on the path taken

Path taken

P
A

2

(€) Total displacement for a round trip
is 0, regardless of the distance traveled.

1.10 The meaning of vectors that have
the same magnitude and the same or oppo-

site direction.

Displacements A and A’

are equal because they
have the same length
and direction.

Displacelnent B has
the same magnitude
as A but og)osite
direction; B is the
negative of A.
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1.11 Three ways to add two vectors.
As shown in (b), the order in vector addi-
tion doesn’t matter; vector addition is
commutative.

(a) We can add two vectors by placing them
head to tail.

B

=
a
B
=l

(b) Adding them in reverse order gives the
same result.

+A

=

¢

A

B

(€) We can also add them by constructing a
parallelogram.

1.12 (a) Only when two vectors A and
B are parallel does the magnitude of their
sum equal the sum of their magnitudes:
C=A+ B.(b) When A and B are
antiparallel, the magnitude of their sum
equals the difference of their magnitudes:
C=|A- B

(a) The sum of two parallel vectors

A B
—
—

C=A+B

(b) The sum of two antiparallel vectors

A

-

==

C=A+B B

+
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a velocity of magnitude 5 m/s. A velocity of 20 m/s would then be represented
by a vector 4 cm long.

Uector Addition and Subtraction

Suppose a particle undergoes a displacement A followed by a second displace-
ment B. The final result is the same as if the partlcle had started at the same initial
pomt and undergone a single displacement C (Fig. 1. 11a) We call displacement
C the vector sum, or resultant, of displacements A and B. We express this rela-
tionship symbolically as
C=4A+B (1.2)
The boldface plus sign emphasizes that adding two vector quantities requires a
geometrical process and is not the same operation as adding two scalar quantities
such as 2 + 3 = 5. In vector addition we usually place the fail of the second
vector at the head, or tip, of the ﬁrst vector (Fig. 1.11a).
If we make the displacements A and B in reverse order, with B firstand A sec-
ond, the result is the same (Fig. 1.11b). Thus
C=B+A and A+B=B+A4 (1.3)
This shows that the order of terms in a vector sum doesn’t matter. In other words,
vector addition obeys the commutative law.
Figure 1.11c shows another way to represent the vector sum: If vectors A and
B are both drawn with their talls at the same point, vector C is the diagonal of a
parallelogram constructed with A and B as two adjacent sides.

CAUTION Magnitudes in vector addition It's a common error to conclude that if
C=A4+ E then the magnitude C should equal the magnitude A plus the magnitude B. In
general, this conclusion is wron for the vectors shown in Fig. 1. 11 you can see that
C < A + B. The magnitude of A + B depends on the magnitudes of A and B and on the
angle between A and B (see Problem 1.90). Only in the special case in which A and B are
parallel is the magnitude of C=A+B equal to the sum of the magnitudes of A and B
(Fig. 1.12a). When the vectors are antiparallel (Fig. 1.12b), the magnitude of C equals
the difference of the magnitudes of A and B. Be careful about distinguishing between
scalar and vector quantities, and you’ll avoid making errors about the magnitude of a vec-
tor sum.

When we need to add more than two vectors, we may first find the vector sum
of any two, add this vectorlally to the third, and so on. Flgure 1.13a shows three
vectors A, B, and C. In Fig. 1.13b we first add A and B to give a vector
sum D we then add vectors C and D by the same process to obtain the vector
sum R:

—

+ B) +

=\

= (A C=D+C

1.13 Several constructions for finding the vector sum A+B+C.

(a) To find the sum of
these three vectors ...

(b) we could add Aand B
to get | D and then add

CwDto get the final

sum (resultant) R

-

R

(e) or we could add Z, 13,
and C in any other order
and still get R.

(€) or we could add Band C
to get E and then add
AtoEtogetR, ...

(d) or we could add A B,
and C to get R directly, ...

R

—

D

B
=
P

B

ay

P R

|
|

B g

c

R
1 %
?»
B

ST
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1.14 To construct the vector difference A — §, you can either place the tail of — B at the head of 4 or place the two vectors Aand B

head to head.

Subtracting B fromA4 ...

D

... is equivalent to adding —BtoA.

E) R
-8 A

&
I+
T—M"‘

\j\hthjt and -B head to tail,
A — B is the vector from the
tail of A to the head of —B.

Alternatlvely, we can first add B and C to obtain vector E (Fig. 1.13c¢), and then add
A and E to obtain R:
R=A+B+C)=A+E
We don’t even need to draw vectors D and E ; all we need to do is draw A , I_i and
Cin succession, with the tail of each at the head of the one preceding it. The
sum vector R extends from the tail of the first vector to the head of the last vector
(Fig. 1.13d). The order makes no difference; Fig. 1.13e shows a different order, and
we invite you to try others. We see that vector addition obeys the associative law.
We can subtract vectors as well as add them. To see how, recall that vector
—-A has the same magnitude as A but the opposite direction. We deﬁne the dif-
ference A — B of two vectors A and B to be the vector sum of A and — B:

A-B=A4+ (-B) (1.4)
Figure 1.14 shows an example of vector subtraction.

A vector quantity such as a displacement can be multiplied by a scalar quan-
tity (an ordinary number). The d1splacement 24 is a displacement (vector quan-
tity) in the same direction as the vector A but twice as long, this is the same as
adding A to itself (Flg 1.15a). In general, when a vector A is multiplied by a
scalar c, the result cA has magmtude ‘ ‘A (the absolute value of ¢ multiplied by
the magnitude of the vector A) If ¢ is positive, CA i is in the same direction as A
if ¢ is negatlve cA is in the direction opposite to A. Thus 34 is parallel to A
while —34 is antiparallel 0 A (Fig. 1.15b).

A scalar used to multiply a vector may also be a physwal quantity. For exam-
ple, you may be familiar with the relationship F = mad; the net force F (a vector
quantity) that acts on a body is equal to the product of the body’s mass m (a scalar
quantity) and its acceleration d (a vector quantity). The dlrectlon of F is the same
as that of @ because m is positive, and the magmtude of F is equal to the mass m
(which is positive) multiplied by the magnitude of @. The unit of force is the unit
of mass multiplied by the unit of acceleration.

m Addition of two vectors at right angles

Y}VlthﬁA and B head to head,
A - Bis the vector frgm the
tail of A to the tail of B .

Masterlng PHYSICS
PhET: Vector Addition

1.15 Multiplying a vector (a) by a posi-
tive scalar and (b) by a negative scalar.

(a) Multiplying a vector by a positive scalar
changes the magnitude (length) of the vector,
but not its direction.

—

A
——

—

2A

.,

2A is twice as long as A"

(b) Multiplying a vector by a negative scalar
changes its magnitude and reverses its direction.

—3A

< <,

—3A is three times as long as A and points‘:
in the opposite direction.

A cross-country skier skis 1.00 km north and then 2.00 km east on
a horizontal snowfield. How far and in what direction is she from
the starting point?

IDENTIFY and SET UP: The problem involves combining two dis-
placements at right angles to each other. In this case, vector addi-
tion amounts to solving a right triangle, which we can do using the
Pythagorean theorem and simple trigonometry. The target vari-
ables are the skier’s straight-line distance and direction from her

starting point. Figure 1.16 is a scale diagram of the two displace-
ments and the resultant net displacement. We denote the direction
from the starting point by the angle ¢ (the Greek letter phi). The
displacement appears to be about 2.4 km. Measurement with a pro-
tractor indicates that ¢ is about 63°.

EXECUTE: The distance from the starting point to the ending point
is equal to the length of the hypotenuse:

V/(1.00 km)? + (2.00 km)? =

2.24 km

Continued
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1.16 The vector diagram, drawn to scale, for a ski trip. Alittle trigonometry (from Appendix B) allows us to find angle ¢:
Opposite side  2.00 km
tan ¢ = - — =
Adjacent side  1.00 km
¢ = 63.4°

We can describe the direction as 63.4° east of north or
90° — 63.4° = 26.6° north of east.

EVALUATE: Our answers (2.24 km and ¢ = 63.4°) are close to our
predictions. In the more general case in which you have to add two
vectors not at right angles to each other, you can use the law of

cosines in place of the Pythagorean theorem and use the law of
sines to find an angle corresponding to ¢ in this example. (You’ll

1.17 Representing a vector A in terms
of (a) component vectors A » and A y and
(b) components A, and A, (which in this
case are both positive).

@

Y The component vectors of A

(b)

find these trigonometric rules in Appendix B.) We’ll see more
techniques for vector addition in Section 1.8.

Test Your Understanding of Section 1.7 Two displacement vectors, (‘x@,
S and 7‘, have magnitudes S = 3m and 7 = 4 m. Which of the following could w
be the magnitude of the difference vector S—-T2 (There may be more than one

correct answer.) (1) 9 m; (ii) 7 m; (iii) 5 m; (iv) 1 m; (v) O m; (vi) —1 m. |

1.8 Components of Vectors

In Section 1.7 we added vectors by using a scale diagram and by using properties
of right triangles. Measuring a diagram offers only very limited accuracy, and
calculations with right triangles work only when the two vectors are perpendicu-
lar. So we need a simple but general method for adding vectors. This is called the
method of components.

To define what we mean by the components of a vector A, we begin with a
rectangular (Cartesian) coordinate system of axes (Fig. 1.17a). We then draw the
vector with its tail at O, the origin of the coordinate system. We can represent any
vector lying in the xy-plane as the sum of a vector parallel to the x- axis and a vec-
tor parallel to the y-axis. These two vectors are labeled A and A in Fig. 1.17a;
they are called the component vectors of vector A, and their vector sum is equal
toA.In symbols,

— — —
A=A +A, (1.5)

Since each component vector lies along a coordlnate -axis direction, we need
only a single number to describe each one. When Ax points in the posmve
x- -direction, we define the number A, to be equal to the magnitude of A When
Ax points in the negative x-direction, we define the number A, to be equal to the
negative of that magnitude (the magnitude of a vector quantity is itself never neg-
ative). We define the number Ay in the same way. The two numbers A, and A,
are called the components of A (Flg 1.17b).

CAUTION  Components are not vectors The components A, and A, of a vector A are just
numbers; they are not vectors themselves. This is why we print the symbols for compo-
nents in light italic type with no arrow on top instead of in boldface italic with an arrow,
which is reserved for vectors.

We can calculate the components of the vector A if we know its magni-
tude A and its direction. We’ll describe the direction of a vector by its angle
relative to some reference direction. In Fig. 1.17b this reference direction is
the positive x-axis, and the angle between vector A and the positive x-axis
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is 6 (the Greek letter theta). Imagine that the vector A originally lies along the
+x-axis and that you then rotate it to its correct direction, as indicated by the
arrow in Fig. 1.17b on the angle 6. If this rotation is from the +x-axis toward ()

the +y-axis, as shown in Fig. 1.17b, then 0 is positive; if the rotation is from the y
+x-axis toward the —y-axis, 6 is negative. Thus the +y-axis is at an angle of 90°,
the —x-axis at 180°, and the —y-axis at 270° (or —90°). If 0 is measured in this
way, then from the definition of the trigonometric functions,

1.18 The components of a vector may
be positive or negative numbers.

B, is positive:
Its component
i vector points in
B, (+) the +y-direction.

Ax Ay . g x
X = cosf and X = sinf o By (=)

(1.8) B, is negative: Its component
A, = Acosf and Ay = A sin vector points in the —x-direction.

(6 measured from the +x-axis, rotating toward the +y-axis)

b
In Fig. 1.17b A, and A, are positive. This is consistent with Egs. (1.6); 6 is in ®

the first quadrant (between 0° and 90°), and both the cosine and the sine of an
angle in this quadrant are positive. But in Fig. 1.18a the component B, is nega-
tive. Again, this agrees with Egs. (1.6); the cosine of an angle in the second quad-
rant is negative. The component B, is positive (sinf is positive in the second
quadrant). In Fig. 1.18b both C, and C, are negative (both cos6 and sin6 are
negative in the third quadrant).

Both components of Care negative.

CAUTION  Relating a vector’s magnitude and direction to its components Equations (1.6)
are correct only when the angle 6 is measured from the positive x-axis as described above.
If the angle of the vector is given from a different reference direction or using a different
sense of rotation, the relationships are different. Be careful! Example 1.6 illustrates this
point.

Finding components

(a) What are the x- and y-components of vector D in Fig. 1.19a?
The magnitude of the vector is D = 3.00 m, and the angle
a = 45°. (b) What are the x- and y-components of vector E in
Fig. 1.19b? The magnitude of the vector is £ = 4.50 m, and the
angle 8 = 37.0°.

SOLUTION

IDENTIFY and SET UP: We can use Egs. (1.6) to find the compo-
nents of these vectors, but we have to be careful: Neither of the
angles « or B in Fig. 1.19 is measured from the +x-axis toward the
+y-axis. We estimate from the figure that the lengths of the com-

1.19 Calculating the x- and y-components of vectors.

(@) (b)

y N4

ponents in part (a) are both roughly 2 m, and that those in part (b)
are 3m and 4 m. We’ve indicated the signs of the components in
the figure.

EXECUTE: (a) The angle « (the Greek letter alpha) between the posi-
tive x-axis and D is measured toward the negative y-axis. The angle
we must use in Egs. (1.6) is 6 = —a = —45°. We then find

D, = Dcosf = (3.00m)(cos(—45°)) = +2.1m
D, = Dsinf = (3.00 m)(sin(—45°)) = —2.1 m

Had you been careless and substituted +45° for 6 in Egs. (1.6),
your result for D, would have had the wrong sign.

(b) The x- and y-axes in Fig. 1.19b are at right angles, so it
doesn’t matter that they aren’t horizontal and vertical, respec-
tively. But to use Egs. (1.6), we must use the angle
0 = 90.0° — B = 90.0° — 37.0° = 53.0°. Then we find

E, = Eco0s53.0° = (4.50 m)(cos 53.0°) = +2.71 m
E, = Esin 53.0° = (4.50 m)(sin 53.0°) = +3.59 m

EVALUATE: Our answers to both parts are close to our predictions.
But ask yourself this: Why do the answers in part (a) correctly

have only two significant figures?
I
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1.20 Drawing a sketch of a vector reveals
the signs of its x- and y-components.

A,
Suppose that tanf = /T‘ = —1. What is 6?
X
Two angles have tangents of —1: 135° and 315°.

Inspection of the diagram shows that # must be
3150 y

Doing Vector Calculations Using Components

Using components makes it relatively easy to do various calculations involving
vectors. Let’s look at three important examples.

1. Finding a vector’s magnitude and direction from its components. We
can describe a vector completely by giving either its magnitude and direction or
its x- and y-components. Equations (1.6) show how to find the components if we
know the magnitude and direction. We can also reverse the process: We can find
the magnitude and direction if we know the components. By applying the
Pythagorean theorem to Fig. 1.17b, we find that the magnitude of vector A is

A= VA2 + A} (1.7)

(We always take the positive root.) Equation (1.7) is valid for any choice of x-
axis and y-axis, as long as they are mutually perpendicular. The expression for
the vector direction comes from the definition of the tangent of an angle. If 6 is
measured from the positive x-axis, and a positive angle is measured toward the
positive y-axis (as in Fig. 1.17b), then

A, A,y
tanf = — and 0 = arctan— (1.8)

Ay Ay
We will always use the notation arctan for the inverse tangent function. The nota-
tion tan” ! is also commonly used, and your calculator may have an INV or 2ND
button to be used with the TAN button.

CAUTION  Finding the direction of a vector from its components There’s one slight com-
plication in using Eqgs. (1.8) to find 6: Any two angles that differ by 180° have the same
tangent. Suppose A, = 2m and A, = —2m as in Fig. 1.20; then tan® = —1. But both
135° and 315° (or —45°) have tangents of —1. To decide which is correct, we have to
look at the individual components. Because A, is positive and A, is negative, the angle
must be in the fourth quadrant; thus 6 = 315° (or —45°) is the correct value. Most pocket
calculators give arctan (—1) = —45°. In this case that is correct; but if instead we have
Ay = —2m and A, = 2m, then the correct angle is 135°. Similarly, when A, and A,
are both negative, the tangent is positive, but the angle is in the third quadrant. You
should always draw a sketch like Fig. 1.20 to check which of the two possibilities is the
correct one.

2. Multiplying a vector by a scalar. If we multiply a vector A by a scalar c,
each component of the product D = cA is the product of ¢ and the corresponding
component of A:

D, =cA;, D, =cA (components of D=cA ) (1.9)

For example, Eq. (1.9) says that each component of the vector 24 is twice as
great as the corresponding component of the VectorA 50 24 is in the same dlrec—
tion as A but has twice the magnitude. Each component of the vector 34 is
three times as great as the corresponding component of the vector A but has the
opposite sign, so —3A is in the opposite direction from A and has three times the
magnitude. Hence Eqgs. (1.9) are consistent with our discussion in Section 1.7 of
multiplying a vector by a scalar (see Fig. 1.15).

3. Using components to calculate the vector sum (resultant) of two or
more vectors. Figure 1.21 shows two vectors A and B and their vector sum R
along with the x- and y-components of all three vectors. You can see from the
diagram that the x-component R, of the vector sum is simply the sum (A, + B,)



1.8 Components of Vectors 17

of the x-components of the vectors being added. The same is true for the
y-components. In symbols,

1.21 Finding the vector sum (resultant)
of A and B using components.

y R is the vector sum
(resultant) of A and B.

—

[, = Ay, T 08, 1%, = AL (components of R=A4 + B) (.10
Figure 1.21 shows this result for the case in which the components A,, A,, By,
and By, are all positive. You should draw additional diagrams to Verify for your-
self that Eqgs. (1.10) are valid for any signs of the components of A and B. Y
If we know the components of any two vectors A and B, perhaps by using
Eqgs. (1.6), we can compute the components of the vector sum R. Then if we need
the magnitude and direction of R we can obtain them from Eqs. (1.7) and (1.8)
with the A’s replaced by R’s.
We can extend thls procedure to find the sum of any number of vectors. If R is

the vector sum of A B C.D, E , the components of R are
R.=A +B, +C,+D,+E, + -
R,=A,+B,+C,+D,+E, + -

e >R,

Thc eomponcnts of R are thc sums
of the components of A and B:

R,=A,+B, R, =A, +B,

(1.11

We have talked only about vectors that lie in the xy-plane, but the component
method works just as well for vectors having any direction in space. We can
introduce a z-axis perpendicular to the xy-plane; then in general a vector A has
components A,, Ay, and A, in the three coordinate directions. Its magnitude A is

A= VAI+ A2+ A2

Again, we alwaxs take the positive root. Also, Egs. (1.11) for the components of
the vector sum R have an additional member:

(1.12)

R, =A,+B,+C,+D,+E, + -

We’ve focused on adding displacement vectors, but the method is applicable
to all vector quantities. When we study the concept of force in Chapter 4, we’ll
find that forces are vectors that obey the same rules of vector addition that we’ve
used with displacement.

IDENTIFY the relevant concepts: Decide what the target variable
is. It may be the magnitude of the vector sum, the direction, or
both.

SET UP the problem: Sketch the vectors being added, along with
suitable coordinate axes. Place the tail of the first vector at the
origin of the coordinates, place the tail of the second vector at the
head of the first vector, and so on. Draw the vector sum R from
the tail of the first vector (at the origin) to the head of the last
vector. Use your sketch to estimate the magnitude and direction
of R. Select the mathematical tools you’ll use for the full calcula-
tion: Egs. (1.6) to obtain the components of the vectors given, if
necessary, Eqgs. (1.11) to obtain the components of the vector
sum, Eq. (1.12) to obtain its magnitude, and Eqs. (1.8) to obtain
its direction.

EXECUTE rhe solution as follows:

1. Find the x- and y-components of each individual vector and
record your results in a table, as in Example 1.7 below. If a
vector is described by a magnitude A and an angle 6, measured

from the +x-axis toward the +y-axis, then its components
are given by Egs. 1.6:

A, = Acos 0 Ay, = Asin6

If the angles of the vectors are given in some other way, per-
haps using a different reference direction, convert them to
angles measured from the +x-axis as in Example 1.6 above.

2. Add the individual x-components algebraically (including
signs) to find R,, the x-component of the vector sum. Do the
same for the y-components to find R,. See Example 1.7 below.

3. Calculate the magnitude R and direction 6 of the vector sum
using Eqgs. (1.7) and (1.8):

R = VR>+ R/

Ry
6 = arctan—
X

EVALUATE your answer: Confirm that your results for the magni-
tude and direction of the vector sum agree with the estimates you
made from your sketch. The value of 6 that you find with a calcula-
tor may be off by 180°; your drawing will indicate the correct value.
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m Adding vectors using their components

Three players on a reality TV show are brought to the center of a
large, flat field. Each is given a meter stick, a compass, a calcula-
tor, a shovel, and (in a different order for each contestant) the fol-
lowing three displacements:

A:72.4 m, 32.0° east of north
B:573 m, 36.0° south of west
C: 17.8 m due south

The three displacements lead to the point in the field where the
keys to a new Porsche are buried. Two players start measuring
immediately, but the winner first calculates where to go. What
does she calculate?

IDENTIFY and SET UP: The goal is to find the sum (resultant) of
the three displacements, so this is a problem in vector addition.
Figure 1.22 shows the situation. We have chosen the +x-axis as

41.22 Three successive displacements Z, ﬁ, and C and the
resultant (vector sum) displacement R = A + B + C.

y (north)

17.8 m

x (east)

east and the +yjlxis as north. We estimate from the diagram that
the vector sum R is about 10 m, 40° west of north (which corre-
sponds to 6 ~ 130°).

EXECUTE: The angles of the vectors, measured from the +x-axis
toward the +y-axis, are (90.0° — 32.0°) = 58.0°, (180.0° +
36.0°) = 216.0°, and 270.0°, respectively. We may now use
Egs. (1.6) to find the components of A:

A, = Acos 0y = (72.4 m)(cos 58.0°) = 38.37 m
A, = Asinfy = (72.4 m)(sin 58.0°) = 61.40m

We’ve kept an extra significant figure in the components; we’ll
round to the correct number of significant figures at the end of
our calculation. The table below shows the components of all the
displacements, the addition of the components, and the other cal-
culations.

Distance Angle Xx-component y-component
A=724m 58.0° 38.37m 61.40 m
B =573m 216.0° —46.36 m —33.68 m
C=178m 270.0° 0.00 m —17.80 m

R, = —-799m R, =992m

R=V(-799m)> + (9.92m)? = 12.7m

9.92m
0 = arctan———— = —51°
arotan —_oo"
Comparing to Fig. 1.22 shows that the calculated angle is clearly
off by 180°. The correct value is 6 = 180° — 51° = 129°, or 39°
west of north.

EVALUATE: Our calculated answers for R and 0 agree with our esti-
mates. Notice how drawing the diagram in Fig. 1.22 made it easy
to avoid a 180° error in the direction of the vector sum.

3L CRE BN A simple vector addition in three dimensions

After an airplane takes off, it travels 10.4 km west, 8.7 km north, and 2.1 km up. How far
is it from the takeoff point?

Let the +x-axis be east, the +y-axis north, and the +z-axis up. Then the components of
the airplane’s displacement are A, = —10.4 km, A, = 8.7 km, and A, = 2.1 km. From
Eq. (1.12), the magnitude of the displacement is

A=V(-104km)> + (8.7km)? + (2.1 km)? = 13.7 km



Test Your Understanding of Section 1.8 Two vectors A and B both lie in

the xy-plane. (a) Is it possible for A to have the same magnitude as B but different
components? (b) Is it possible for A to have the same components as B but a different
magnitude? |

1.9 Unit Vectors

A unit vector is a vector that has a magnitude of 1, with no units. Its only pur-
pose is to point—that is, to describe a direction in space. Unit vectors provide a
convenient notation for many expressions involving components of vectors. We
will always include a caret or “hat” (*) in the symbol for a unit vector to distin-
guish it from ordinary vectors whose magnitude may or may not be equal to 1.

In an x-y coordinate system we can define a unit vector 7 that points in the
direction of the positive x-axis and a unit vector J that points in the direction of
the positive y-axis (Fig. 1.23a). Then we can express the relationship between
component vectors and components, described at the beginning of Section 1.8, as
follows:

e ~
A, = Al
R R (1.13)
Ay = Ay

5

Similarly, we can write a vector A in terms of its components as
-2 A ~
A=Al+Ay (1.14)

Equations (1.13) and (1.14) are vector equations; each term, such as A1, is a vec-
tor quantity (Fig. 1.23b). . . R

Using unit vectors, we can express the vector sum R of two vectors A and B as
follows:

A=Al+Aj
B = B\1 + B,j
R=A+B
= (Ad + AJ) + (Bd + Byj) (1.13]

Il
~—~

A+ Bl + (A, + B))j

R + Ry

Equation (1.15) restates the content of Egs. (1.10) in the form of a single vector
equation rather than two component equations.

If the vectors do not all lie in the xy-plane, then we need a third component.
We introduce a third unit vector k that points in the direction of the positive
z-axis (Fig. 1.24). Then Eqs. (1.14) and (1.15) become

A=Ad+Aj+Ak
- N a ~ (1.18)
B =B, + B,j + Bk
R= (A +B)i+ (A, + B)J + (A, + Bk
(1.17)

=Ri+R,j+Rk

1.9 Unit Vectors 19

1.23 (a) The unit vectors 7 and j.
(b) Expressing a vector A in
terms of its components.

(@

The unit vectors 7 and J point in the
directions of the x- and y-axes and
| have a magnitude of 1.

.
y We can express a vector A in
| terms of its components as

1.24 The unit vectors i, , and k.
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3ELCNE N Using unit vectors

Given the two displacements

D = (6.007 + 3.00j — 1.00k) m
E = (4.007 — 5.00j + 8.00k)m
find the magnitude of the displacement 2D - E.

IDENTIFY and SET UP: We are to multiply the vector D by 2 (a scalar)
and subtract the vector E from the result, so as to obtain the vector
F=2D-E. Equation (1.9) says that to multiply D by 2, we

EKECUTE: We have
and F = 2(6.00i + 3.00j — 1.00k) m — (4.00i — 5.00] + 8.00k) m
= [(12.00 — 4.00)7 + (6.00 + 5.00)] + (—2.00 — 8.00)k] m
= (8.007 + 11.00j — 10.00k) m
From Eq. (1.12) the magnitude of Fis
F=VF2+F+F?
V(8.00m)? + (11.00 m)? + (—
16.9 m

10.00 m)?

multiply each of its components by 2. We can use Eq. (1.17) to do

the subtraction; recall from Section 1.7 that subtracting a vector is
the same as adding the negative of that vector.

1.25 Calculating the scalar product of
two vectors, A-B=AB cos ¢.

@)

Place the vectors tail to tail.
4 -

A

|

(b) A - B equals A(B cos ).

(Magnitude Of.X) times (Component of B
in direction of A)

> 4\
B/ |\
|
¢
- S
ra—— A
Bcos ¢

(o A - B also equals B(A cos ¢)

(Magnitude of E) times (Component of 5
in direction of B)

Acosd/, &/\\\
B \\\
N
¢ S
— A

EVALUATE: Our answer is of the same order of magnitude as the
larger components that appear in the sum. We wouldn’t expect our

answer to be much larger than this, but it could be much smaller.
I

Test Your Understanding of Section 1.9 Arrange the following vectors

in order of their nglgnitude, with the vector of largeﬁst magnitude first. (i) A= (3iﬁ+ ( MP)
5] — 2k) m; (i) B = (=31 +5 —2k)m; (i) C = (31 — 5] — 2k) m; (iv) D =
(3t + 57 + 2k) m. 1

1.10 Products of Vectors

Vector addition develops naturally from the problem of combining displacements
and will prove useful for calculating many other vector quantities. We can also
express many physical relationships by using products of vectors. Vectors are not
ordinary numbers, so ordinary multiplication is not directly applicable to vectors.
We will define two different kinds of products of vectors. The first, called the
scalar product, yields a result that is a scalar quantity. The second, the vector
product, yields another vector.

Scalar Product

The scalar product of two vectors A and B is denoted by A-B. Because of this
notation, the scalar product is also called the dot product. Although A and B are
vectors, the quantity A B is a scalar.

To define the scalar product A - B we draw the two vectors A and B with their
tails at the same point (Fig. 1.25a). The angle ¢ (the Greek letter phi) between their
directions ranges from 0° to 180°. Figure 1.25b shows the projection of the vector
B onto the direction of A ; this projection is the component of B in the direction of
A and is equal to Bcos ¢. (We can take components along any direction that’s con-
venient, not just the x- and y-axes.) We define A - B tobe the magnitude of A multi-
plied by the component of B in the direction of A. Expressed as an equation,

(definition of the scalar

(dot) product) .18

A-B = ABcos¢ = |Z||§|cosd)
Alternatively, we can define A+ B to be the magnitude of B multlphed by
the component of A in the direction of B, as in Fig. 1.25c. Hence A-B=
B(Acos¢) = ABcos¢, which is the same as Eq. (1.18).
The scalar product is a scalar quantity, not a vector, and it may be positive, neg-

ative, or zero. When ¢ is between 0° and 90°, cos ¢ > 0 and the scalar product is



positive (Fig. 1. 26a) When ¢ is between 90° and 180° so that cos¢p < 0,
the component of B in the d1rect10n of A is negative, and A-Bis negative
(Fig. 1.26b). Finally, when ¢ = 90°, A-B=0 (Fig. 1.26¢). The scalar product
of two perpendicular vectors is always zero.

For any two vectors A and l?f, ABcos¢ = BAcos¢. This means that
A-B = B-A. The scalar product obeys the commutative law of multiplication;
the order of the two vectors does not matter.

We will use the scalar product in Chapter 6 to describe work done by a force.
When a constant force F is applied to a body that undergoes a displacement s,
the work W (a scalar quantity) done by the force is given by

W=F-%

The work done by the force is positive if the angle between Fands 1s between
0° and 90°, negative if this angle is between 90° and 180°, and zero if F and § are
perpendicular. (This is another example of a term that has a special meaning in
physics; in everyday language, “work™ isn’t something that can be positive or
negative.) In later chapters we’ll use the scalar product for a variety of purposes,
from calculating electric potential to determining the effects that varying mag-
netic fields have on electric circuits.

Calculating the Scalar Product Using Components

We can calculate the scalar product A-B directly if we know the x-, y-, and z-
components of A and B. To see how this is done, let’s first work out the scalar
products of the unit vectors. This is easy, since , J, and k all have magnitude 1
and are perpendicular to each other. Using Eq. (1.18), we find

= (1)(1)cos0° = 1
= (1)(1)cos90° =0

Pei=7-
A (1.19)
l

g =

Now we express A and B in terms of their components, expand the product, and
use these products of unit vectors:

A-B = (Ad + AjJ + Ak)- (Bi + Bj + B.k)

= Ad-Bi + Ad-B,j + Ad-Bk
+AJ B + Aj-Bj + Aj-B.k
+ Ak-Bi + Ak-B,j + Ak-B.k (1.20)
=ABi-1+ ABJIj+ ABIk
+ ABJi + ABj ]+ ABJ -k
+ ABk-1 + ABk-j+ ABk-k

From Eqgs. (1.19) we see that six of these nine terms are zero, and the three that
survive give simply

(scalar (dot) product in

A-B = + AB, +
A'B =AB, + AB, + A.B, terms of components)

(1.21)
Thus the scalar product of two vectors is the sum of the products of their respec-
tive components.

The scalar product gives a straightforward way to find the angle ¢ between
any two vectors A and B whose components are known. In this case we can use
Eq. (1.21) to find the scalar product of A and B. Example 1.11 on the next page
shows how to do this.

1.10 Products of Vectors 21

1.26 The scalar productz B = ABcos ¢
can be positive, negative, or zero, depend-
ing on the angle between A and B.

(@

If ¢ is bctwgcn N

_ A\
B/ \ 0°and90°,A-B
| is positive ...
¢ —
‘ —
—— A

... because B cos ¢ > 0.

(b)

lj ¢is between 90° and 180°,
7 A - B is negative ...

uy
|
|

l

... because B cos ¢ < 0.

©

If$p = 90°A-B =0
—| because B has zero component
in the direction of A.
¢ = 90°

I

e A
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3EL NN Calculating a scalar product

Find the scalar product A B of the two vectors in Fig. 1.27. The
magnitudes of the vectors are A = 4.00 and B = 5.00.

IDENTIFY and SET UP: We can calculate the scalar product in two
ways: using the magnitudes of the vectors and the angle between
them (Eq. 1.18), and using the components of the vectors
(Eq. 1.21). We’ll do it both ways, and the results will check each
other.

1.27 Two vectors in two dimensions.

y

B

¢:

ENECUTE: The angle between the two vectors is
130.0° — 53.0° = 77.0°, so Eq. (1.18) gives us

A-B = ABcos ¢ = (4.00)(5.00) cos 77.0° = 4.50

To use Eq. (1.21), we must first find the components of the vectors.
The angles of A and B are given with respect to the +x-axis and
are measured in the sense from the +x-axis to the +y-axis, so we
can use Egs. (1.6):

(4.00) cos 53.0° = 2.407
(4.00) sin 53.0° = 3.195

= (5.00) cos 130.0° = —3.214
B, = (5.00) sin 130.0° = 3.830

Ax
Ay
By

As in Example 1.7, we keep an extra significant figure in the com-
ponents and round at the end. Equation (1.21) now gives us

A-B=AB, +AB, + AB,
= (2407)(—3.214) + (3.195)(3.830) + (0)(0) = 4.50

EVALUATE: Both methods give the same result, as they should.

m Finding an angle with the scalar product

Find the angle between the vectors

=200i + 3.00j + 1.00k  and

~4.00f + 2.00j — 1.00k

S T

IDENTIFY and SET UP: We’re given the x-, y-, and z-components
of two vectors. Our target variable is the angle ¢ between
them (Fig. 1.28). To find this, we’ll solve Eq. (1.18), A+B =
AB cos ¢, for ¢ in terms of the scalar product A - B and the magni-
tudes A and B. We can evaluate the scalar product using Eq. (1.21),

1.28 Two vectors in three dimensions.

y

A extends from origin

g ~
B extends from origin to near corner of red box.

to far corner of blue box.

AB= AB, + AB, + A.B,, and we can find A and B using
Eq. (1.7).

EXECUTE: We solve Eq. (1.18) for cos ¢» and write A-B using
Eq. (1. 21). Our result is

A-B  AB.+AB +AB

AB AB

cos ¢ =

XVe can use this formula to find the angle between any two vectors
A and B. Here we have A, = 2.00, A, = 3.00, and A, = 1.00, and
B, = —4.00, B, = 2.00, and B, = —1.00. Thus

A-B=AB, +AB, + AB,
= (2.00)(—4.00) + (3.00)(2.00) + (1.00)(—1.00)
= —3.00
A= VA2 + A2+ A2 = V(200)% + (3.00)% + (1.00)2
= V14.00
B=VBZ2+B2+B2=V(-4.00)+ (2.00)* + (~1.00)?
= V21.00

AB, + AB, + A.B, B —3.00

AB V14.00 V/21.00

= —0.175

cos ¢ =
¢ = 100°

EJHLI.UATE: As a check on this result, note that the scalar product
A * B is negative. This means that ¢ is between 90° and 180° (see
Fig. 1.26), which agrees with our answer.



Vector Product

The vector product of two vectors A and B, also called the cross product, is
denoted by A X B. As the name suggests, the vector product is itself a vector.
We’ll use this product in Chapter 10 to describe torque and angular momentum;
in Chapters 27 and 28 we’ll use 1t to descrlbe magnetic fields and forces.

To define the vector product A X B, we again draw the two vectors A and B
with their tails at the same point (Fig. 1.29a). The two vectors then lie in a plane.
We define the vector product to be a vector quant1ty w1th a direction perpendicu-
lar to this plane (that is, perpendlcular to both A and B) and a magnitude equal to
ABsin ¢. That is, if C=4X B then

C = ABsin¢g (magnitude of the vector (cross) product of A and B) (1.22)

We measure the angle ¢ from A toward B and take it to be the smaller of the two
possible angles, so ¢ ranges from 0° to 180°. Then sin¢ = 0 and C in Eq. (1.22)
1s never negatwe as must be the case for a vector magnitude. Note also that when
A and B are parallel or antiparallel, ¢ = 0 or 180° and C = 0. That is, the vector
product of two parallel or antiparallel vectors is always zero. In particular, the
vector product of any vector with itself is zero.

CAUTION  Vector product us. scalar product Be careful not to confuse the expression
ABsin ¢ for the magmtude of the vector product;f X B with the similar expression ABcos ¢
for the scalar product A-B. To see the d1fference between these two expressions,
1magme that we vary the angle between A and B while keeping their magnitudes constant.
When A and B are parallel, the ma, nltude of the vector product will be zero and the scalar
product will be maximum. When A and B are perpendicular, the magnitude of the vector
product will be maximum and the scalar product will be zero.

There are always two directions perpendicular to a given plane _one on each
side of the plane. We choose which of these is the direction of A X B as follows
Imagine rotating vector A about the perpendicular line unt1l it is al1gned with B
choosing the smaller of the two possible angles between A and B. Curl the fin-
gers of your right hand around the perpendicular line so that the fingertips point
in the direction of rotation; your thumb will then point in the direction of A X B.
Figure 1.29a shows this right-hand rule and describes a second way to think
about this rule.

Similarly, we determine the direction of BXA by rotatmg B mto A as in
Fig. 1.29b. The result is a vector that is opposite to the vectorA X B. The vector
product is not commutative! In fact, for any two vectors A and B

AXB=-BXA (1.23)

Just as we did for the scalar product, we can give a geometrical interpretation
of the magmtude of the vector product. In Fig. 1.30a, Bsin <;b is the component of
vector B that i is per_]gendzcular to the dlrectlon of vector A. From Eq. (1.22) the
magnitude of A X B equals the magnitude of A multiplied by the component of B
perpendicular to A. Flgure 1.30b shows that the magmtude of A X B also equals
the magnitude of B multiplied by the component of A perpendicular to B. Note
that Fig. 1.30 shows the case in which ¢ is between 0° and 90°; you should draw a
similar diagram for ¢ between 90° and 180° to show that the same geometrical
interpretation of the magnitude of A X B still applies.

Calculating the Vector Product Using Components

- -
If we know the components of A and B, we can calculate the components of the
vector product using a procedure similar to that for the scalar product. First we
work out the multiplication table for the unit vectors 1, J, and k. all three of which

1.10 Products of Vectors 23

1.29 (a) The vector product A X B
determined by the right-hand rule.

(b) B X A = —A X B; the vector product
is anticommutative.

(a) Using the right-hand rule to find the
direction of A X B

Place A and B tail to tail. AXB

Point fingers of right hand
along A, with palm facing B.

Curl fingers toward B.

®e O

A
Thumb points in b

direction of A X B. 5
B

(b) B x A = —A x B (the vector product is
anticommutative)

B A
Same magnitude but --..,
o

opposite direction BxA

1.30 Calculating the magnitude ABsin ¢
of the yector product of two vectors,
A X B.

(@)
(Magnitude of/{ X B) equals A(B sin ¢).

(Magnitude of;{) times (Component ofB
perpendicular to A)

(b)
(Magnitude of;{ X E) also equals B(A sin ¢).

(Magnitude of B) times (Component of A
perpendicular to B)
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1.31 (a) We will always use a right-
handed coordinate system, like this one.
(b) We will never use a left-handed coordi-
nate system (in whichz X j = —k, and

SO on).

(a) A right-handed coordinate system

(b) A left-handed coordinate system;
we will not use these.

are perpendicular to each other (Fig. 1.31a). The vector product of any vector
with itself is zero, so

IXi=jxXj=kxk=0

The boldface zero is a reminder that each product is a zero vector—that is, one
with all components equal to zero and an undefined direction. Using Eqs. (1.22)
and (1.23) and the right-hand rule, we find

ixXj=—-jxi=h
jxk=—-kxj=1i (1.24)
kxi=—-ixk=]

You can verify these fquatigns by referring to Fig. 1.31a.

Next we express A and B in terms of their components and the corresponding
unit vectors, and we expand the expression for the vector product:

AXB=(Ai+AjJ+Ak) X (Bi+B,j+ Bk)
= Ad X B, + AJd X Bj + A X B.k
+ Aj X B + Aj X B,j + A,j X Bk (1.25)
+ Ak X BJi + Ak X B,j + Ak X Bk
We can also rewrite the individual terms in Eq. (1.25) as A X Byf =

(AxBy)i X J, and so on. Evaluating these by using the multiplication table for
the unit vectors in Egs. (1.24) and then grouping the terms, we get

AXB= (AyB, — AB))1 + (AB, — A;B,)] + (A.B, — AyBX)I} (1.28)

Thus the components of C=AXBare given by

C,=AB, —AB, C,=AB,—AB, C,=AB,~AB, o

(components of C = A X B)

The vector product can also be expressed in determinant form as

=

1
AXB=|A,
B,

>

N

y

o>

o]

y

If you aren’t familiar with determinants, don’t worry about this form.

With the axis system of Fig. 1.31a, if we reverse the direction of the z-axis, we
get the system shown in Fig. 1.31b. Then, as you may verify, the definition of the
vector product gives I X j = —k instead of 7 X j = k. In fact, all vector prod-
ucts of the unit vectors z, J, and k would have signs opposite to those in Egs. (1.24).
We see that there are two kinds of coordinate systems, differing in the signs of
the vector products of unit vectors. An axis system in which 7 X J = k, as in
Fig. 1.31a, is called a right-handed system. The usual practice is to use only
right-handed systems, and we will follow that practice throughout this book.



m Calculating a vector product

Vector A has magnitude 6 units and is in the direction of the
+x-axis. Vector B has magnitude 4 units and lies in the xy-plane,
making an angle of 30° with the +x-axis (Fig. 1.32). Find the vec-
tor product C=A4XB.

IDENTIFY and SET UP: We’ll find the vector product in two ways,
which will provide a check of our calculations. First we’ll use
Eq. (1.22) and the right-hand rule; then we’ll use Egs. (1.27) to
find the vector product using components.

-

1.32 Vectors A and B and their vector product C=A4XB.
The vector B lies in the xy-plane.

1.10 Products of Vectors 29

EXECUTE: From Eq. (1.22) the magnitude of the vector product is
ABsin ¢ = (6)(4)(sin 30°) = 12

By the right-hand rule, the direction of A X B is along the
+z—ax1s (the direction of the unit vector k) so we have
C=AXB = 12. .
Tg use Eqs. (1.27), we first determine the components of A
and B:
A, =6
B, = 4 cos 30° = 2V3

Then Eqgs. (1.27) yield

Ay =0 A, =
B,=4sin30°=2 B, =0

= (0)(0) — (0)(2) =
(0)(2 \f>—<6><0>:o
(6)(2) — (0)(2V3) = 12

Thus again we have Z’ = 12k.

EVALUATE: Both methods give the same result. Depending on the
situation, one or the other of the two approaches may be the more
convenient one to use.

Test Your Understanding of Section 1.10 Vector A has magnitude 2 and

vector B has magnitude 3. The angle ¢ between A and B is known to be 0°, 90°, or 180°.
For each of the following situations, state what the value of ¢ must be. (In each situation
there may be more than one correct answer.) (a);f ‘B = 0; (b) AXB= 0; (¢c) A-B = 6;

d)A-B = —6; (e) (Magnitude of A X B) = 6.



SUMMARY

CHAPTER /|

Physical guantities and units: Three fundamental physical quantities are mass, length, and time.
The corresponding basic SI units are the kilogram, the meter, and the second. Derived units for
other physical quantities are products or quotients of the basic units. Equations must be dimension-
ally consistent; two terms can be added only when they have the same units. (See Examples 1.1
and 1.2.)

Significant figures: The accuracy of a measurement can be indicated by the number of significant
figures or by a stated uncertainty. The result of a calculation usually has no more significant figures
than the input data. When only crude estimates are available for input data, we can often make use-
ful order-of-magnitude estimates. (See Examples 1.3 and 1.4.)

Scalars, vectors, and vector addition: Scalar quantities are numbers and combine with the usual
rules of arithmetic. Vector quantities have direction as well as magnitude and combine according
to the rules of vector addition. The negative of a vector has the same magnitude but points in the
opposite direction. (See Example 1.5.)

Vector components and vector addition: Vector addi- R, = A, + B,

tion can be carried ouj usirLg corilponents of vectors. R, = A, + B, 1.10)
The x-component _gf R = A + B is the sum of the R,= A, + B,

x-components of A and B, and likewise for the y- and

z-components. (See Examples 1.6—-1.8.)

Unit vectors: Unit vectors describe directions in space. A=Aj+ A+ AZIAc (1.18)

A unit vector has a magnitude of 1, with no units. The
unit vectors z, J, and k, aligned with the x-, y-, and
z-axes of a rectangular coordinate system, are espe-
cially useful. (See Example 1.9.)

Scalar product: The scalar product C = A - B of two A-B = ABcos¢ = |Z||§|cos¢ (1.18)
vectors A and B is a scalar quantity. It can be expressed - —

in terms of the magnitudes of A and B and the angle ¢ AL = A8, 82 N1, 5 L (.21
between the two vectors, or in terms of the components

of A and B The scalar product is commutative;

A-B = B-A. The scalar product of two perpendicular

vectors is zero. (See Examples 1.10 and 1.11.)

Vector product: The vector product C = A X Boftwo C = ABsin¢ (1.22)
vectors A and B is another vector C. The magnitude of _ _

SN i = = C,=AB, — AB,

A X B depends on the magnitudes of A and B and ’

the angle ¢ between the two vectors. The direction of C, = AB, — AB; (1.27)
A X Bis perpendicular to the plane of the two vectors C.= AB, — AB,

being multiplied, as given by the right-hand rule. The
components of C=A X Bcanbe expressed in terms
of the components of A and B. The vector product is not
commutative; A X B = —B X A. The vector product
of two parallel or antiparallel vectors is zero. (See
Example 1.12.)

Significant figures in magenta

C _ 0424m
= 27 T 2(0.06750 m)

123.62 + 8.9 = 132.5

Scalar productA> . B> = AB cos ¢

=

|

(Magnitude of A X E) =

A X Bis perpendlcular
to the plane of A and B.

AB sin ¢



Vlectors on the Roof

An air-conditioning unit is fastened to a roof that slopes at an angle of
35° above the horizontal (Fig. 1.33). Its weight is a force on the air
conditioner that is directed vertically downward. In order that the
unit not crush the roof tiles, the component of the unit’s weight per-
pendicular to the roof cannot exceed 425 N. (One newton, or 1 N, is
the SI unit of force. It is equal to 0.2248 1b.) (a) What is the maxi-
mum allowed weight of the unit? (b) If the fasteners fail, the unit
slides 1.50 m along the roof before it comes to a halt against a ledge.
How much work does the weight force do on the unit during its slide
if the unit has the weight calculated in part (a)? As we described in
Section 1.10, the work done by a force Fonan object that undergoes
a displacement § is W = F - 5.

SOLUTION GUIDE

See MasteringPhysics® study area for a Video Tutor solution. ‘ M ’

IDENTIFY and SET UP

1. This problem involves vectors and components. What are the
known quantities? Which aspect(s) of the weight vector (mag-
nitude, direction, and/or particular components) represent the
target variable for part (a)? Which aspect(s) must you know to
solve part (b)?

2. Make a sketch based on Fig. 1.33. Add x- and y-axes, choosing
the positive direction for each. Your axes don’t have to be hori-
zontal and vertical, but they do have to be mutually perpendicu-
lar. Make the most convenient choice.

3. Choose the equations you’ll use to determine the target
variables.

EXECUTE
4. Use the relationship between the magnitude and direction of a
vector and its components to solve for the target variable in

Problems

For instructor-assigned homework, go to www.masteringphysics.com
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1.33 An air-conditioning unit on a slanted roof.

part (a). Be careful: Is 35° the correct angle to use in the equa-
tion? (Hint: Check your sketch.)

5. Make sure your answer has the correct number of significant
figures.

6. Use the definition of the scalar product to solve for the target
variable in part (b). Again, make sure to use the correct number
of significant figures.

EVALUATE

7. Did your answer to part (a) include a vector component whose
absolute value is greater than the magnitude of the vector? Is
that possible?

8. There are two ways to find the scalar product of two vectors,
one of which you used to solve part (b). Check your answer by
repeating the calculation using the other way. Do you get the
same answer?

@

e, e, eeo: Problems of increasing difficulty. CP: Cumulative problems incorporating material from earlier chapters. CALC: Problems

requiring calculus. BID: Biosciences problems.

DISCUSSION QUESTIONS

@1.1 How many correct experiments do we need to disprove a the-
ory? How many do we need to prove a theory? Explain.

@1.2 A guidebook describes the rate of climb of a mountain trail
as 120 meters per kilometer. How can you express this as a number
with no units?

@1.3 Suppose you are asked to compute the tangent of 5.00 meters.
Is this possible? Why or why not?

@1.4 A highway contractor stated that in building a bridge deck he
poured 250 yards of concrete. What do you think he meant?

@1.5 What is your height in centimeters? What is your weight in
newtons?

@1.6 The U.S. National Institute of Standards and Technology
(NIST) maintains several accurate copies of the international stan-
dard kilogram. Even after careful cleaning, these national standard

kilograms are gaining mass at an average rate of about 1 ug/y
(y = year) when compared every 10 years or so to the standard
international kilogram. Does this apparent change have any impor-
tance? Explain.

@1.7 What physical phenomena (other than a pendulum or cesium
clock) could you use to define a time standard?

@1.8 Describe how you could measure the thickness of a sheet of
paper with an ordinary ruler.

01.9 The quantity 7= = 3.14159... is a number with no dimen-
sions, since it is a ratio of two lengths. Describe two or three other
geometrical or physical quantities that are dimensionless.

@1.10 What are the units of volume? Suppose another student tells
you that a cylinder of radius r and height / has volume given by
ar3h. Explain why this cannot be right.
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@1.11 Three archers each fire four arrows at a target. Joe’s four
arrows hit at points 10 cm above, 10 cm below, 10 cm to the left,
and 10 cm to the right of the center of the target. All four of
Moe’s arrows hit within 1 cm of a point 20 cm from the center,
and Flo’s four arrows all hit within 1 cm of the center. The contest
judge says that one of the archers is precise but not accurate,
another archer is accurate but not precise, and the third archer is
both accurate and precise. Which description goes with which
archer? Explain your reasoning.

01.12 A circular racetrack has a radius of 500 m. What is the dis-
placement of a bicyclist when she travels around the track from the
north side to the south side? When she makes one complete circle
around the track? Explain your reasoning.

@1.13 Can you find two vectors with different lengths that have a
vector sum of zero? What length restrictions are required for three
vectors to have a vector sum of zero? Explain your reasoning.
@1.14 One sometimes speaks of the “direction of time,” evolving
from past to future. Does this mean that time is a vector quantity?
Explain your reasoning.

@1.15 Air traffic controllers give instructions to airline pilots telling
them in which direction they are to fly. These instructions are
called “vectors.” If these are the only instructions given, is the name
“vector” used correctly? Why or why not?

@1.16 Can you find a vector quantity that has a magnitude of zero
but components that are different from zero? Explain. Can the
magnitude of a vector be less than the magnitude of any of its com-
ponents? Explain.

@1.17 (a) Does it make sense to say that a vector is negative?
Why? (b) Does it make sense to say that one vector is the negative
of another? Why? Does your answer here contradict what you said
in part (a)?

01.18 If C is the vector sum of A and I}, C=A+ l_i what must
be true about the directions and magnitudes of A and B if
C = A + B? What must be true about the directions and mag-
nitudes of A and B if C = 0?

81.19 If A and B are nonzero vectors, is it possible for A-Band
A X B both to be zero? Explain.

01.20 What does A ~Z, the scalar product of a vector with itself,
give? What about A X K, the vector product of a vector with
itself?

81.21 LetA represent any nonzero vector. Why is A /A a unit vec-
tor, and what is its direction? If 6 is the angle that A makes with the
+x-axis, explain why (K JA) -1 is called the direction cosine for
that axis.

@1.22 Which of the following are legitimate mathematical opera-
tions: (a) A4 - (l_f - Z’), (b) (Z - E) xC; () A- (l_f X 6),
(A x (ﬁ X 6'), () A X (E . Z')" In each case, give the reason
for your answer.

81.23 Consider the two repeated vector products A X (ﬁ X Z‘)
and (Z X E) X C. Give an example that illustrates the general
rule that these two vector products do not have the same magni-
tude or direction. Can you choose the vectors A R B , and C such that
these two vector products are equal? If so, give an example.

01.24 Show that, no matter what A and B are, A- (Z X l_§) = 0.
(Hint: Do not look for an elaborate mathematical proof. Rather
look at the definition of the direction of the cross product.)

081.25 (a) If A-B = 0, does it necessarily follow that A = 0 or
B = 0? Explain. (b) If AXB= 0, does it necessarily follow that
A = 0or B = 0?7 Explain.

@1.26 If A = 0 for a vector in the xy-plane, does it follow that
A, = —A,? What can you say about Ay and A,?

EXERCISES

Section 1.3 Standards and Units

Section 1.4 Unit Consistency and Conversions

1.1 - Starting with the definition 1 in. = 2.54 cm, find the num-
ber of (a) kilometers in 1.00 mile and (b) feet in 1.00 km.

1.2 = According to the label on a bottle of salad dressing, the
volume of the contents is 0.473 liter (L). Using only the conver-
sions 1 L = 1000 cm® and 1in. = 2.54 cm, express this volume
in cubic inches.

1.3 ++ How many nanoseconds does it take light to travel 1.00 ft
in vacuum? (This result is a useful quantity to remember.)

1.4 ++ The density of gold is 19.3 g/cm’. What is this value in
kilograms per cubic meter?

1.5 ¢ The most powerful engine available for the classic 1963
Chevrolet Corvette Sting Ray developed 360 horsepower and had
a displacement of 327 cubic inches. Express this displacement in
liters (L) by using only the conversions 1L = 1000 cm’® and
lin. = 2.54 cm.

1.6 << A square field measuring 100.0 m by 100.0 m has an area
of 1.00 hectare. An acre has an area of 43,600 ft”. If a country lot
has an area of 12.0 acres, what is the area in hectares?

1.7 = How many years older will you be 1.00 gigasecond from
now? (Assume a 365-day year.)

1.8 ¢ While driving in an exotic foreign land you see a speed limit
sign on a highway that reads 180,000 furlongs per fortnight. How
many miles per hour is this? (One furlong is % mile, and a fortnight
is 14 days. A furlong originally referred to the length of a plowed
furrow.)

1.9 « A certain fuel-efficient hybrid car gets gasoline mileage of
55.0 mpg (miles per gallon). (a) If you are driving this car in
Europe and want to compare its mileage with that of other European
cars, express this mileage in km/L (L = liter). Use the conver-
sion factors in Appendix E. (b) If this car’s gas tank holds 45 L,
how many tanks of gas will you use to drive 1500 km?

1.10 « The following conversions occur frequently in physics and
are very useful. (a) Use 1 mi = 5280 ft and 1 h = 3600 s to con-
vert 60 mph to units of ft/s. (b) The acceleration of a freely falling
object is 32 ft/sz. Use 1 ft = 30.48 cm to express this acceleration
in units of m/s2. (c) The density of water is 1.0 g/cm®. Convert
this density to units of kg/m>.

1.11 = Neptunium. In the fall of 2002, a group of scientists at
Los Alamos National Laboratory determined that the critical mass
of neptunium-237 is about 60 kg. The critical mass of a fissionable
material is the minimum amount that must be brought together to
start a chain reaction. This element has a density of 19.5 g/ cm’.
What would be the radius of a sphere of this material that has a
critical mass?

1.12 - BID (a) The recommended daily allowance (RDA) of the
trace metal magnesium is 410 mg/day for males. Express this
quantity in pg/day. (b) For adults, the RDA of the amino acid
lysine is 12 mg per kg of body weight. How many grams per day
should a 75-kg adult receive? (c) A typical multivitamin tablet can
contain 2.0 mg of vitamin B, (riboflavin), and the RDA is
0.0030 g/day. How many such tablets should a person take each
day to get the proper amount of this vitamin, assuming that he gets
none from any other sources? (d) The RDA for the trace element
selenium is 0.000070 g/day. Express this dose in mg/day.

Section 1.5 Uncertainty and Significant Figures
1.13 -¢ Figure 1.7 shows the result of unacceptable error in the
stopping position of a train. (a) If a train travels 890 km from Berlin



to Paris and then overshoots the end of the track by 10 m, what is
the percent error in the total distance covered? (b) Is it correct to
write the total distance covered by the train as 890,010 m? Explain.
1.14 - With a wooden ruler you measure the length of a rectangu-
lar piece of sheet metal to be 12 mm. You use micrometer calipers
to measure the width of the rectangle and obtain the value 5.98
mm. Give your answers to the following questions to the correct
number of significant figures. (a) What is the area of the rectangle?
(b) What is the ratio of the rectangle’s width to its length? (c) What
is the perimeter of the rectangle? (d) What is the difference
between the length and width? (e) What is the ratio of the length to
the width?

1.15 << A useful and easy-to-remember approximate value for the
number of seconds in a year is 77 X 107. Determine the percent
error in this approximate value. (There are 365.24 days in one year.)

Section 1.6 Estimates and Orders of Magnitude

1.16 < How many gallons of gasoline are used in the United
States in one day? Assume that there are two cars for every three
people, that each car is driven an average of 10,000 mi per year,
and that the average car gets 20 miles per gallon.

1.17 -- EI0 A rather ordinary middle-aged man is in the hospital
for a routine check-up. The nurse writes the quantity 200 on his
medical chart but forgets to include the units. Which of the follow-
ing quantities could the 200 plausibly represent? (a) his mass in
kilograms; (b) his height in meters; (c) his height in centimeters;
(d) his height in millimeters; (e) his age in months.

1.18 < How many kernels of corn does it take to fill a 2-L soft
drink bottle?

1.19 + How many words are there in this book?

1.20 - EID Four astronauts are in a spherical space station. (a) If,
as is typical, each of them breathes about 500 cm?® of air with each
breath, approximately what volume of air (in cubic meters) do
these astronauts breathe in a year? (b) What would the diameter (in
meters) of the space station have to be to contain all this air?

1.21 - BID How many times does a typical person blink her eyes
in a lifetime?

1.22 - EID How many times does a human heart beat during a
lifetime? How many gallons of blood does it pump? (Estimate that
the heart pumps 50 cm® of blood with each beat.)

1.23 « In Wagner’s opera Das Rheingold, the goddess Freia is
ransomed for a pile of gold just tall enough and wide enough to
hide her from sight. Estimate the monetary value of this pile. The
density of gold is 19.3 g/ em?, and its value is about $10 per gram
(although this varies).

1.24  You are using water to dilute small amounts of chemicals
in the laboratory, drop by drop. How many drops of water are in a
1.0-L bottle? (Hint: Start by estimating the diameter of a drop of
water.)

1.25 < How many pizzas are consumed each academic year by
students at your school?

Section 1.7 Vectors and Vector Addition

1.26 -+ Hearing rattles from a snake, you make two rapid dis-
placements of magnitude 1.8 m and 2.4 m. In sketches (roughly to
scale), show how your two displacements might add up to give a
resultant of magnitude (a) 4.2 m; (b) 0.6 m; (c) 3.0 m.

1.27 <+ A postal employee drives a delivery truck along the route
shown in Fig. E1.27. Determine the magnitude and direction of the
resultant displacement by drawing a scale diagram. (See also Exer-
cise 1.34 for a different approach to this same problem.)
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Figure E1.27
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1.28 - For the vectors A and
B in Fig. E1.28, use a scale
drawing to find the magnitude
and direction of (a) the vector
sum A + B and (b) the vector
difference A — B. Use your
answers to find the magnitude
and direction of (c) —-A-B
and (d) B-—A. (See also Exer-

Figure E1.28

Y

B (15.0 m)

D (10.0 m)

X
cise 1.35 for a different ap-
proach to this problem.)
1.29 << A spelunker i - C -
9 spelunker is survey C (12.0 m) A 8.00m)

ing a cave. She follows a pas-
sage 180 m straight west, then
210 m in a direction 45° east of
south, and then 280 m at 30° east of north. After a fourth unmea-
sured displacement, she finds herself back where she started. Use a
scale drawing to determine the magnitude and direction of the
fourth displacement. (See also Problem 1.69 for a different
approach to this problem.)

Section 1.8 Components of Uectors

1.30 - Let the angle 6 be the angle that the vector A makes with
the +x-axis, measured counterclockwise from that axis. Find
the angle 6 for a vector that has the following components:
(@A, =200m,A, = —=1.00m; (b) A, = 2.00 m, A, = 1.00 m;
(©A,=—-2.00m,A, = 1.00m; (d) A, = =2.00m, A, = —1.00 m.
1.31 » Compute the x- and y-components of the vectors A.B.C,
and D in Fig. E1.28.

1.32 - Vector A is in the direction 34.0° clockwise from the
—y-axis. The x-component of Ais A, = —16.0 m. (a) What is the
y-component of A? (b) What is the magnitude of A?

1.33 « Vector A has y-component A, = +13.0m. A makes an
angle of 32.0° counterclockwise from the + y-axis. (a) What is the
x-component of A? (b) What is the magnitude of A?

1.34 -+ A postal employee drives a delivery truck over the route
shown in Fig. E1.27. Use the method of components to determine
the magnitude and direction of her resultant displacement. In a
vector-addition diagram (roughly to scale), show that the resultant
displacement found from your diagram is in qualitative agreement
with the result you obtained using the method of components.

1.35 ¢ For the vectors A and B in Fig. E1.28, use the method of
components to find the magnitude and direction of (a) the vector
sum A + ﬁ; (b) the vector sum B + X; (c) the vector difference
A- l_f; (d) the vector difference B-A.

1.36 ° Find the magnitude and direction of the vector represented
by the following pairs of components: (a) A, = —8.60 cm,
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A, =520cm; (b) A, =—-970m, A, =
7.75 km, A, = —2.70 km. V
1.37 - A disoriented physics professor drives 3.25 km north, then
2.90 km west, and then 1.50 km south. Find the magnitude and direc-
tion of the resultant displacement, using the method of components.
In a vector-addition diagram (roughly to scale), show that the result-
ant displacement found from your diagram is in qualitative agree-
ment with the result you obtained using the method of components.
1.38 <= Two ropes in a vertical plane exert equal-magnitude
forces on a hanging weight but pull with an angle of 86.0° between
them. What pull does each one exert if their resultant pull is 372 N
directly upward?

1.39 - Vector A is 2.80 cm
long and is 60.0° above the x-
axis in the first quadrant. Vector
B is 1.90 cm long and is 60.0°
below the x-axis in the fourth
quadrant (Fig. E1.39). Use com-
ponents to find the ma, mtude 60.0°
and_direction of (a) A + B: ON J60.0° *
(b) A- B, (c) B — A. In each

case, sketch the vector addition

or subtraction and show that

your numerical answers are in
qualitative agreement with your sketch.

—245m; (c) A, =

Figure E1.39
y

A (2.80 cm)

B (1.90 cm)

Section 1.9 Unit Vectors

1.40 - In each case, find the x- and y-components of vector A:
(@A =500 — 63];(b)A = 11.2] — 9917; () A = —15.01 +
22.4j; (d)A = 5.0B, where B = 41 — 6.

1.41 -+ Write each vector in Fig. E1.28 in terms of the unit vec-
tors 7 and J.

1.82 - Given two vectors A = 4.007 + 7.007 and B = 5.007 —
2.007, (a) find the magnitude of each vector; (b) write an expres-
sion for the vector difference A — B using unit vectors; (c) find
the magnitude and direction of the vector difference A - B. (d) In
a vector diagram show Z, E, and A — ﬁ, and also show that your
diagram agrees qualitatively with your answer in part (c).

1.43 -+ (a) Write each vector
in Fig. E1.43 in terms of the
unit vectors z and J. (b) Use unit
vectors to express the vector
C. where C = 3.004 — 4.00B.
(c) Find the magnitude and direc-
tion of C.

144 -- (a) Is the vector
(1 + J + k) a unit vector? Jus-
tify your answer. (b) Can a unit
vector have any components
with magnitude greater than
unity? Can it have any negative components? In each case justify
your answer. (c) If A= a(3.01 + 4.0J), where a is a constant,
determine the value of a that makes A a unit vector.

Figure E1.43

y
A (3.60 m)

70.0°

30.0° o

B (2.4 m)

Section 1.10 Products of Vectors

1.45 « For the vectors Z, ﬁ, and C in Fig. E1.28, find the scalar
products (a)Z . ﬁ; (b) B- Z‘; (C)Z . C.

1.46 - (a) Find the scalar product of the two vectors A and B
given in Exercise 1.42. (b) Find the angle between these two vectors.
1.47 - Find the angle between each of the following pairs of
vectors:

(@) A = —2.00i + 600 and B = 2.00i — 3.00f
(b) A = 3.00i + 5.00j and B = 10.00i + 6.00]
(c) A = —4.00i + 200j and B = 7.00i + 14.00]

1.48 <+ Find the vector product;{ X B (expressed in unit vectors)
of the two vectors given in Exercise 1.42. What is the magnitude
of the vector product?

1.49 - For the vectors A and D in Fig. E1.28, (a) find the magni-
tude and direction of the vector product A X D (b) find the mag-
nitude and direction of D X A.

1.50 - For the two vectors in Fig. E1.39, (a) find the magnitude
and direction of the vector product A x l_§; (b) find the magnitude
and direction of B X A.

1.51 ¢ For the two_vectors A and B in Fig. E1.43, (a) find the
scalar product A- B (b) find the magnitude and direction of
the vector productA X B.

1.52 « The vector A is 3.50 cm long and is direct