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MATHEMATICAL FORMULAS*

Quadratic Formula

—b = Vb? — 4dac
2a

If ax? + bx + ¢ = 0,then x =

Binomial Theorem

—1 2
nx | on(n= Dt

1 o (x2<1)

T+x)=1+
Products of Vectors

Let #be the smaller of the two angles between @ and b.
Then

i ] k
@Xb=-bXxX7q=|a a, a,
b, b, b,

.la, a N a ~la, a

=7 z 2 X 4k y

b, b, b, b, b, b,

= (aybz - byaz)f + (a,b, — bzax)j + (axby - bxay)ﬁ

Derivatives and Integrals

——sinx = Cos X fsinxdx=—cosx

dx
d . f :
——COSX = —Sinx cos x dx = sin x
dx
d
Ee":ex fﬁdeK
fL= In(x + V% + a?)

VX2 + a?

X dx 1

- (2 + )2

(X2 + a2)3/2

dx _ X
(x2 + a2)3’2 - a2(x2 + a2)1/2
Cramer’s Rule

Two simultaneous equations in unknowns x and y,

ax +by=c and ax + byy = c,,

have the solutions

b
|@ X bl = ab sin 0 o= 1@ bl aby = by
a, b ab, — a;b,
a, b,
Trigonometric Identities
and
sin a =+ sin 8 = 2sin J(a = B) cos 3(a F B) a; ¢
a; & a1Cy; — )¢
cos @ + cos B =2 cos 3(a + B) cos H(a — B) Y= a, by  aby— aby’
a, b,
*See Appendix E for a more complete list.
S| PREFIXES*
Factor Prefix ~ Symbol Factor  Prefix Symbol
10% yotta Y 10 deci d
102! zetta 4 1072 centi c
10'8 exa E 1073 milli m
105 peta P 106 micro "
102 tera T 107 nano n
10° giga G 10712 pico P
106 mega M 1071 femto f
103 kilo k 1018 atto a
10% hecto h 10 zepto z
10! deka da 102 yocto y

*In all cases, the first syllable is accented, as in nd-no-mé-ter.
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WHY | WROTE THIS BOOK

Fun with a big challenge. That is how I have regarded physics since the day when Sharon, one of the
students in a class I taught as a graduate student, suddenly demanded of me, “What has any of this
got to do with my life?” Of course I immediately responded, “Sharon, this has everything to do with
your life—this is physics.”

She asked me for an example. I thought and thought but could not come up
with a single one.That night I began writing the book The Flying Circus of Physics
(John Wiley & Sons Inc., 1975) for Sharon but also for me because I realized her
complaint was mine. I had spent six years slugging my way through many dozens of
physics textbooks that were carefully written with the best of pedagogical plans, but
there was something missing. Physics is the most interesting subject in the world
because it is about how the world works, and yet the textbooks had been thor-
oughly wrung of any connection with the real world. The fun was missing.

I have packed a lot of real-world physics into Fundamentals of Physics, con-
necting it with the new edition of The Flying Circus of Physics. Much of the mate-
rial comes from the introductory physics classes I teach, where I can judge from the
faces and blunt comments what material and presentations work and what do not.
The notes I make on my successes and failures there help form the basis of this
book. My message here is the same as I had with every student I’ve met since
Sharon so long ago: “Yes, you can reason from basic physics concepts all the way to
valid conclusions about the real world, and that understanding of the real world is
where the funis.”

I have many goals in writing this book but the overriding one is to provide in-
structors with tools by which they can teach students how to effectively read scientific material, iden-
tify fundamental concepts, reason through scientific questions, and solve quantitative problems. This
process is not easy for either students or instructors. Indeed, the course associated with this book may
be one of the most challenging of all the courses taken by a student. However, it can also be one of
the most rewarding because it reveals the world’s fundamental clockwork from which all scientific
and engineering applications spring.

Many users of the ninth edition (both instructors and students) sent in comments and
suggestions to improve the book. These improvements are now incorporated into the narrative
and problems throughout the book. The publisher John Wiley & Sons and I regard the book as
an ongoing project and encourage more input from users. You can send suggestions, corrections,
and positive or negative comments to John Wiley & Sons or Jearl Walker (mail address:
Physics Department, Cleveland State University, Cleveland, OH 44115 USA; or the blog site at
www.flyingcircusofphysics.com). We may not be able to respond to all suggestions, but we keep
and study each of them.

WHAT'S NEW?

Modules and Learning Objectives “What was I supposed to learn from this section?” Students have
asked me this question for decades, from the weakest student to the strongest. The problem is that
even a thoughtful student may not feel confident that the important points were captured while read-
ing a section. I felt the same way back when I was using the first edition of Halliday and Resnick
while taking first-year physics.

To ease the problem in this edition, I restructured the chapters into concept modules based on a
primary theme and begin each module with a list of the module’s learning objectives. The list is an
explicit statement of the skills and learning points that should be gathered in reading the module.
Each list is following by a brief summary of the key ideas that should also be gathered. For example,
check out the first module in Chapter 16, where a student faces a truck load of concepts and terms.
Rather than depending on the student’s ability to gather and sort those ideas, I now provide an
explicit checklist that functions somewhat like the checklist a pilot works through before taxiing out
to the runway for takeoff.
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PREFACE

PLUS

Links Between Homework Problems and Learning Objectives In WileyPLUS, every question and prob-
lem at the end of the chapter is linked to a learning objective, to answer the (usually unspoken) ques-
tions, “Why am I working this problem? What am I supposed to learn from it?” By being explicit
about a problem’s purpose, I believe that a student might better transfer the learning objective to
other problems with a different wording but the same key idea. Such transference would help defeat
the common trouble that a student learns to work a particular problem but cannot then apply its key
idea to a problem in a different setting.

Rewritten Chapters My students have continued to be challenged by several key chapters and by
spots in several other chapters and so, in this edition, I rewrote a lot of the material. For example, I
redesigned the chapters on Gauss’ law and electric potential, which have proved to be tough-going
for my students. The presentations are now smoother and more direct to the key points. In the quan-
tum chapters, I expanded the coverage of the Schrodinger equation, including reflection of matter
waves from a step potential. At the request of several instructors, I decoupled the discussion of the
Bohr atom from the Schrodinger solution for the hydrogen atom so that the historical account of
Bohr’s work can be bypassed. Also, there is now a module on Planck’s blackbody radiation.

New Sample Problems and Homework Questions and Problems Sixteen new sample problems have
been added to the chapters, written so as to spotlight some of the difficult areas for my students. Also,
about 250 problems and 50 questions have been added to the homework sections of the chapters.
Some of these problems come from earlier editions of the
book, as requested by several instructors.

Video lllustrations  In the eVersion of the text available in
WileyPLUS, David Maiullo of Rutgers University has
created video versions of approximately 30 of the photo-
graphs and figures from the text. Much of physics is the
study of things that move and video can often provide a
better representation than a static photo or figure.

Online Aid  WileyPLUS is not just an online grading pro-
gram. Rather, it is a dynamic learning center stocked with many different learning aids, 1nclud1ng
just-in-time problem-solving tutorials, embedded reading quizzes to encourage reading, animated
figures, hundreds of sample problems, loads of simulations and demonstrations, and over 1500 videos
ranging from math reviews to mini-lectures to examples. More of these learning aids are added every
semester. For this 10th edition of HRW, some of the photos involving motion have been converted
into videos so that the motion can be slowed and analyzed.

These thousands of learning aids are available 24/7 and can be repeated as many times as de-
sired. Thus, if a student gets stuck on a homework problem at, say, 2:00 AM (which appears to be a
popular time for doing physics homework), friendly and helpful resources are available at the click of
amouse.

LEARNINGS TOOLS

When I learned first-year phySiCS in the first edition of | Angular velocity derived from angular position
Halliday and Resnick, I caught on by repeatedly reread-
ing a chapter. These days we better understand that
students have a wide range of learning styles. So, I have
produced a wide range of learning tools, both in this new —
edition and online in WileyPLUS: i

Fundamentals of Physics, Jearl Walker

Animations of one of the key figures in each chapter. i %
Here in the book, those figures are flagged with the It
swirling icon. In the online chapter in WileyPLUS, a
mouse click begins the animation. I have chosen the fig- :

ures that are rich in information so that a student can see ©) @ ®
the physics in action and played out over a minute or two
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instead of just being flat on a printed page. Not only does this give life to the physics, but the anima-

tion can be repeated as many times as a student wants.

Videos I have made well over 1500 instructional videos, with more coming each semester. Students
can watch me draw or type on the screen as they hear me talk about a solution, tutorial, sample prob-
lem, or review, very much as they would experience were they sitting next to me in my office while I
worked out something on a notepad. An instructor’s lectures and tutoring will always be the most

valuable learning tools, but my videos are available 24 hours a day, 7 days a
week, and can be repeated indefinitely.

* Video tutorials on subjects in the chapters. I chose the subjects that chal-
lenge the students the most, the ones that my students scratch their heads
about.

* Video reviews of high school math, such as basic algebraic manipulations,
trig functions, and simultaneous equations.

* Video introductions to math, such as vector multiplication, that will be new
to the students.

* Video presentations of every Sample Problem in the textbook chapters . My
intent is to work out the physics, starting with the Key Ideas instead of just
grabbing a formula. However, I also want to demonstrate how to read a sam-
ple problem, that is, how to read technical material to learn problem-solving
procedures that can be transferred to other types of problems.

* Video solutions to 20% of the end-of chapter problems. The availability and
timing of these solutions are controlled by the instructor. For example, they
might be available after a homework deadline or a quiz. Each solution is not
simply a plug-and-chug recipe. Rather I build a solution from the Key Ideas to
the first step of reasoning and to a final solution. The student learns not just
how to solve a particular problem but how to tackle any problem, even those
that require physics courage.

* Video examples of how to read data from graphs (more than simply reading
off a number with no comprehension of the physics).

Problem-Solving Help I have written a large number of resources for
WileyPLUS designed to help build the students’ problem-solving skills.

* Every sample problem in the textbook is available online in both reading
and video formats.

° Hundreds of additional sample problems. These are available as stand-
alone resources but (at the discretion of the instructor) they are also linked
out of the homework problems. So, if a homework problem deals with, say,
forces on a block on a ramp, a link to a related sample problem is provided.
However, the sample problem is not just a replica of the homework problem
and thus does not provide a solution that can be merely duplicated without
comprehension.

* GO Tutorials for 15% of the end-of-chapter homework problems. In multi-
ple steps, I lead a student through a homework problem, starting with the Key
Ideas and giving hints when wrong answers are submitted. However, I pur-
posely leave the last step (for the final answer) to the student so that they are
responsible at the end. Some online tutorial systems trap a student when
wrong answers are given, which can generate a lot of frustration. My GO
Tutorials are not traps, because at any step along the way, a student can return
to the main problem.

° Hints on every end-of-chapter homework problem are available (at the
discretion of the instructor). I wrote these as true hints about the main ideas
and the general procedure for a solution, not as recipes that provide an
comprehension.

Starts from rest.

\..In a certain time interval, it rotates
/4 rad at constant angular
__acceleration 4.0 rad/s?, reaching
angular speed 4.5 rad/s.

How much time (from rest) to
reach that time interval?

Interval 1: From rest to the start of that time interval

GO Tutorial

This GO Tutorial will provide you with a step-by-step guide on how to approach this problem.
‘When you are finished, go back and try the problem again cn your cwn. To view the oniginal
‘question while you work, you can just drag this screen to the side. (This GO Tutorial
consists of 4 steps).

Step | : Solution Step 1 of GO Tutorial 10-30

KEY IDEAS:
(1) When an object rotates at constant angular scceleration, we can use the constant-
acceleration eguations of Table 10-1 medified for angular moticn:
(1w = wy + at
(2)8 - 8y = wpt + lat”
(3w® = wj + 2ai(f - 8;)
(4)8 = 8 = 1wy + wit
(5)8 = By = wt - jar’
Counterclocioiss is the positive direction of rotation, and clockwise is the regative direction.
(2) If & particle moves around a rotation axis at radius r, the magnitude o its radial
(centripetal) acceleration ar at any moment is related to its tangential speed v (the speed
slong the arcular path) and its angulsr speed st that moment by

v

=Y =wr
i

(3) If & particle maves around & rotation sis at radius r, the magnitude of its tangential
scceleration at (the acceleration along the circular path) at any moment is related to angular
scceleration & at that mament by

a=rm

(4) If & particle moves around a rotation axis at radius r, the angular displacement through
which it rotates is relsted to the distance s it moves along its circular path by
s=rf

GETTING STARTED: What is the radius of rotation (in meters) of a point on the rim of the
Mywheel?

Number Unit -

apsiict il 1o oliraoos

Chedk Your Input

Step ] : Solution Step 2 of GO Tutorial 10-30
What i the finasl angular speed in radians per second?

Number Unit d

Check Your Input

Step I : Solution Step 3 of GO Tutorial 10-30
What was the initisl angular speed?
Number Unit =

exact number, no tolerance

Check Your Input
Step 4 : Solution Step 4 of GO Tutorial 10-30

Through what angular distance does the flywheel rotate to reach the final angular speed?

Number Unit -

Check Your Input

MNow that you kncw how to sohve the problem, go back and try again on your awn.

answer without any
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Evaluation Materials

* Reading questions are available within each online section. I wrote these so that they do not
require analysis or any deep understanding; rather they simply test whether a student has read the
section. When a student opens up a section, a randomly chosen reading question (from a bank of
questions) appears at the end. The instructor can decide whether the question is part of the grading
for that section or whether it is just for the benefit of the student.

* Checkpoints are available within most sections. I wrote these so that they require analysis and deci-
sions about the physics in the section. Answers to all checkpoints are in the back of the book.

|ZI Checkpoint 1

Here are three pairs of initial and final positions, respectively, along an x axis. Which
pairs give a negative displacement: (a) =3 m, +5 m;(b) =3 m, -7 m; (¢) 7 m, —3 m?

o All end-of-chapter homework Problems in the book (and many more problems) are available in
WileyPLUS. The instructor can construct a homework assignment and control how it is graded when
the answers are submitted online. For example, the instructor controls the deadline for submission
and how many attempts a student is allowed on an answer. The instructor also controls which, if any,
learning aids are available with each homework problem. Such links can include hints, sample prob-
lems, in-chapter reading materials, video tutorials, video math reviews, and even video solutions
(which can be made available to the students after, say, a homework deadline).

* Symbolic notation problems that require algebraic answers are available in every chapter.

* All end-of-chapter homework Questions in the book are available for assignment in WileyPLUS.
These Questions (in a multiple choice format) are designed to evaluate the students’ conceptual un-
derstanding.

Icons for Additional Help When worked-out solutions are provided either in print or electronically
for certain of the odd-numbered problems, the statements for those problems include an icon to alert
both student and instructor as to where the solutions are located. There are also icons indicating
which problems have GO Tutorial, an Interactive LearningWare, or a link to the The Flying Circus
of Physics. An icon guide is provided here and at the beginning of each set of problems.

Tutoring problem available (at instructor’s discretion) in WileyPLUS and WebAssign

SSM  Worked-out solution available in Student Solutions Manual WWW Worked-out solution is at

http://www.wiley.com/college/halliday

Number of dots indicates level of problem difficulty ILW  Interactive solution is at

/& Additional information available in The Flying Circus of Physics and at flyingcircusofphysics.com

VERSIONS OF THE TEXT

To accommodate the individual needs of instructors and students, the ninth edition of Fundamentals
of Physics is available in a number of different versions.

The Regular Edition consists of Chapters 1 through 37 (ISBN 9781118230718).

The Extended Edition contains seven additional chapters on quantum physics and cosmology,
Chapters 1-44 (ISBN 9781118230725).

Volume 1 — Chapters 1-20 (Mechanics and Thermodynamics), hardcover,

ISBN 9781118233764

Volume 2 — Chapters 21-44 (E&M, Optics, and Quantum Physics), hardcover,
ISBN 9781118230732


http://www.wiley.com/college/halliday
www.flyingcircusofphysics.com

INSTRUCTOR SUPPLEMENTS

Instructor’s Solutions Manual by Sen-Ben Liao, Lawrence Livermore National Laboratory. This man-

ual provides worked-out solutions for all problems found at the end of each chapter. It is available
in both MSWord and PDF.

Instructor Companion Site http://www.wiley.com/college/halliday

e Instructor’s Manual This resource contains lecture notes outlining the most important topics of
each chapter; demonstration experiments; laboratory and computer projects; film and video sources;
answers to all Questions, Exercises, Problems, and Checkpoints; and a correlation guide to the
Questions, Exercises, and Problems in the previous edition. It also contains a complete list of all
problems for which solutions are available to students (SSM,WWW, and ILW).

e Lecture PowerPoint Slides These PowerPoint slides serve as a helpful starter pack for instructors,
outlining key concepts and incorporating figures and equations from the text.

e Classroom Response Systems (“Clicker”) Questions by David Marx, Illinois State University.
There are two sets of questions available: Reading Quiz questions and Interactive Lecture ques-
tions.The Reading Quiz questions are intended to be relatively straightforward for any student who
reads the assigned material. The Interactive Lecture questions are intended for use in an interactive
lecture setting.

e Wiley Physics Simulations by Andrew Duffy, Boston University and John Gastineau, Vernier
Software. This is a collection of 50 interactive simulations (Java applets) that can be used for class-
room demonstrations.

e Wiley Physics Demonstrations by David Maiullo, Rutgers University. This is a collection of digital
videos of 80 standard physics demonstrations. They can be shown in class or accessed from
WileyPL US.There is an accompanying Instructor’s Guide that includes “clicker” questions.

e Test Bank For the 10th edition, the Test Bank has been completely over-hauled by Suzanne Willis,
Northern Illinois University. The Test Bank includes more than 2200 multiple-choice questions.
These items are also available in the Computerized Test Bank which provides full editing features to
help you customize tests (available in both IBM and Macintosh versions).

e All text illustrations suitable for both classroom projection and printing.

Online Homework and Quizzing. 1In addition to WileyPLUS, Fundamentals of Physics, tenth edition,
also supports WebAssignPLUS and LON-CAPA, which are other programs that give instructors the
ability to deliver and grade homework and quizzes online. WebAssign PLUS also offers students an
online version of the text.

STUDENT SUPPLEMENTS

Student Companion Site. The web site http:/www.wiley.com/college/halliday was developed specifi-
cally for Fundamentals of Physics, tenth edition, and is designed to further assist students in the study
of physics. It includes solutions to selected end-of-chapter problems (which are identified with a
www icon in the text); simulation exercises; tips on how to make best use of a programmable calcu-
lator; and the Interactive LearningWare tutorials that are described below.

Student Study Guide (ISBN 9781118230787) by Thomas Barrett of Ohio State University. The Student
Study Guide consists of an overview of the chapter’s important concepts, problem solving techniques
and detailed examples.

Student Solutions Manual (ISBN 9781118230664) by Sen-Ben Liao, Lawrence Livermore National
Laboratory. This manual provides students with complete worked-out solutions to 15 percent of the
problems found at the end of each chapter within the text. The Student Solutions Manual for the
10th edition is written using an innovative approach called TEAL which stands for Think, Express,
Analyze, and Learn. This learning strategy was originally developed at the Massachusetts Institute of
Technology and has proven to be an effective learning tool for students. These problems with TEAL
solutions are indicated with an SSM icon in the text.
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Interactive Learningware. This software guides students through solutions to 200 of the end-of-chapter
problems. These problems are indicated with an ILW icon in the text. The solutions process is devel-
oped interactively, with appropriate feedback and access to error-specific help for the most common
mistakes.

Introductory Physics with Calculus as a Second Language: (ISBN 9780471739104) Mastering
Problem Solving by Thomas Barrett of Ohio State University. This brief paperback teaches the
student how to approach problems more efficiently and effectively. The student will learn how to
recognize common patterns in physics problems, break problems down into manageable steps, and
apply appropriate techniques. The book takes the student step by step through the solutions to
numerous examples.



A CKNOWLEDGMENTS

A great many people have contributed to this book. Sen-Ben Liao of Lawrence Livermore National Laboratory, James
Whitenton of Southern Polytechnic State University, and Jerry Shi, of Pasadena City College, performed the Herculean task
of working out solutions for every one of the homework problems in the book. At John Wiley publishers, the book received
support from Stuart Johnson, Geraldine Osnato and Aly Rentrop, the editors who oversaw the entire project from start to
finish. We thank Elizabeth Swain, the production editor, for pulling all the pieces together during the complex production
process. We also thank Maddy Lesure for her design of the text and the cover; Lee Goldstein for her page make-up; Helen
Walden for her copyediting; and Lilian Brady for her proofreading. Jennifer Atkins was inspired in the search for unusual
and interesting photographs. Both the publisher John Wiley & Sons, Inc. and Jearl Walker would like to thank the following
for comments and ideas about the recent editions:

Jonathan Abramson, Portland State University; Omar Adawi, Parkland College; Edward Adelson, The Ohio State
University; Steven R. Baker, Naval Postgraduate School; George Caplan, Wellesley College; Richard Kass, The Ohio State
University; M. R. Khoshbin-e-Khoshnazar, Research Institution for Curriculum Development & Educational Innovations
(Tehran); Craig Kletzing, University of lowa, Stuart Loucks, American River College; Laurence Lurio, Northern Illinois
University; Ponn Maheswaranathan, Winthrop University; Joe McCullough, Cabrillo College; Carl E. Mungan, U. S. Naval
Academy, Don N. Page, University of Alberta; Elie Riachi, Fort Scott Community College; Andrew G. Rinzler, University of
Florida; Dubravka Rupnik, Louisiana State University; Robert Schabinger, Rutgers University; Ruth Schwartz, Milwaukee
School of Engineering; Carol Strong, University of Alabama at Huntsville, Nora Thornber, Raritan Valley Community
College; Frank Wang, LaGuardia Community College; Graham W. Wilson, University of Kansas; Roland Winkler, Northern
Hllinois University; William Zacharias, Cleveland State University; Ulrich Zurcher, Cleveland State University.

Finally, our external reviewers have been outstanding and we acknowledge here our debt to each member of that team.

Maris A. Abolins, Michigan State University
Edward Adelson, Ohio State University

Nural Akchurin, Texas Tech

Yildirim Aktas, University of North Carolina-Charlotte
Barbara Andereck, Ohio Wesleyan University
Tetyana Antimirova, Ryerson University

Mark Arnett, Kirkwood Community College

Arun Bansil, Northeastern University

Richard Barber, Santa Clara University

Neil Basecu, Westchester Community College
Anand Batra, Howard University

Kenneth Bolland, The Ohio State University
Richard Bone, Florida International University
Michael E. Browne, University of Idaho

Timothy J. Burns, Leeward Community College
Joseph Buschi, Manhattan College

Philip A. Casabella, Rensselaer Polytechnic Institute
Randall Caton, Christopher Newport College
Roger Clapp, University of South Florida

W.R. Conkie, Queen’s University

Renate Crawford, University of Massachusetts-Dartmouth
Mike Crivello, San Diego State University

Robert N. Davie, Ir., St. Petersburg Junior College
Cheryl K. Dellai, Glendale Community College
Eric R. Dietz, California State University at Chico

N.John DiNardo, Drexel University

Eugene Dunnam, University of Florida

Robert Endorf, University of Cincinnati

F. Paul Esposito, University of Cincinnati

Jerry Finkelstein, San Jose State University

Robert H. Good, California State University-Hayward
Michael Gorman, University of Houston

Benjamin Grinstein, University of California, San Diego
John B. Gruber, San Jose State University

Ann Hanks, American River College

Randy Harris, University of California-Davis

Samuel Harris, Purdue University

Harold B. Hart, Western Illinois University

Rebecca Hartzler, Seattle Central Community College
John Hubisz, North Carolina StateUniversity

Joey Huston, Michigan State University

David Ingram, Ohio University

Shawn Jackson, University of Tulsa

Hector Jimenez, University of Puerto Rico

Sudhakar B. Joshi, York University

Leonard M. Kahn, University of Rhode Island

Sudipa Kirtley, Rose-Hulman Institute

Leonard Kleinman, University of Texas at Austin
Craig Kletzing, University of lowa

Peter F. Koehler, University of Pittsburgh

xxiil



XXiv ACKNOWLEDGMENTS

Arthur Z.Kovacs, Rochester Institute of Technology
Kenneth Krane, Oregon State University

Hadley Lawler, Vanderbilt University

Priscilla Laws, Dickinson College

Edbertho Leal, Polytechnic University of Puerto Rico
Vern Lindberg, Rochester Institute of Technology
Peter Loly, University of Manitoba

James MacLaren, Tulane University

Andreas Mandelis, University of Toronto

Robert R. Marchini, Memphis State University
Andrea Markelz, University at Buffalo, SUNY

Paul Marquard, Caspar College

David Marx, Illinois State University

Dan Mazilu, Washington and LeeUniversity

James H. McGuire, Tulane University

David M. McKinstry, Eastern Washington University
Jordon Morelli, Queen’s University

Eugene Mosca, United States Naval Academy

Eric R. Murray, Georgia Institute of Technology, School of
Physics

James Napolitano, Rensselaer Polytechnic Institute
Blaine Norum, University of Virginia

Michael O’Shea, Kansas State University

Patrick Papin, San Diego State University
Kiumars Parvin, San Jose State University

Robert Pelcovits, Brown University

Oren P. Quist, South Dakota State University

Joe Redish, University of Maryland

Timothy M. Ritter, University of North Carolina at Pembroke
Dan Styer, Oberlin College

Frank Wang, LaGuardia Community College
Robert Webb, Texas A&M University

Suzanne Willis, Northern Illinois University
Shannon Willoughby, Montana State University



C H A P T E R 1

Measurement

1-1 MEASURING THINGS, INCLUDING LENGTHS

Learning Objectives
After reading this module, you should be able to . . .

1.01 Identify the base quantities in the Sl system.
1.02 Name the most frequently used prefixes for
Sl units.

Key Ideas

@ Physics is based on measurement of physical quantities.
Certain physical quantities have been chosen as base quanti-
ties (such as length, time, and mass); each has been defined in
terms of a standard and given a unit of measure (such as meter,
second, and kilogram). Other physical quantities are defined in
terms of the base quantities and their standards and units.

@ The unit system emphasized in this book is the International
System of Units (S). The three physical quantities displayed
in Table 1-1 are used in the early chapters. Standards, which
must be both accessible and invariable, have been estab-
lished for these base quantities by international agreement.

What Is Physics?

1.03 Change units (here for length, area, and volume) by
using chain-link conversions.

1.04 Explain that the meter is defined in terms of the speed of
light in vacuum.

These standards are used in all physical measurement, for
both the base quantities and the quantities derived from
them. Scientific notation and the prefixes of Table 1-2 are
used to simplify measurement notation.

@ Conversion of units may be performed by using chain-link
conversions in which the original data are multiplied succes-
sively by conversion factors written as unity and the units are
manipulated like algebraic quantities until only the desired
units remain.

@ The meter is defined as the distance traveled by light
during a precisely specified time interval.

Science and engineering are based on measurements and comparisons. Thus, we
need rules about how things are measured and compared, and we need
experiments to establish the units for those measurements and comparisons. One
purpose of physics (and engineering) is to design and conduct those experiments.

For example, physicists strive to develop clocks of extreme accuracy so that any
time or time interval can be precisely determined and compared. You may wonder
whether such accuracy is actually needed or worth the effort. Here is one example of
the worth: Without clocks of extreme accuracy, the Global Positioning System
(GPS) that is now vital to worldwide navigation would be useless.

Measuring Things

We discover physics by learning how to measure the quantities involved in
physics. Among these quantities are length, time, mass, temperature, pressure,
and electric current.

We measure each physical quantity in its own units, by comparison with a
standard. The unit is a unique name we assign to measures of that quantity—for
example, meter (m) for the quantity length. The standard corresponds to exactly
1.0 unit of the quantity. As you will see, the standard for length, which corresponds
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Tahle 1-1 Units for Three SI
Base Quantities

Quantity Unit Name  Unit Symbol

Length meter m
Time second s
Mass kilogram kg

Table 1-2 Prefixes for S| Units

Factor Prefix” Symbol
10% yotta- Y
10% zetta- zZ
108 exa- E
101 peta- P
102 tera- T
10° giga- G
10° mega- M
10° kilo- k
10? hecto- h
10! deka- da
1071 deci- d
102 centi- c
1073 milli- m
10-¢ micro- "
10~° nano- n
10-12 pico- p
1071 femto- f
10718 atto- a
1072t zepto- zZ
107 yocto- y

“The most frequently used prefixes are shown in
bold type.

to exactly 1.0 m, is the distance traveled by light in a vacuum during a certain
fraction of a second. We can define a unit and its standard in any way we care to.
However, the important thing is to do so in such a way that scientists around the
world will agree that our definitions are both sensible and practical.

Once we have set up a standard—say, for length—we must work out proce-
dures by which any length whatever, be it the radius of a hydrogen atom, the
wheelbase of a skateboard, or the distance to a star, can be expressed in terms of
the standard. Rulers, which approximate our length standard, give us one such
procedure for measuring length. However, many of our comparisons must be
indirect. You cannot use a ruler, for example, to measure the radius of an atom
or the distance to a star.

Base Quantities. There are so many physical quantities that it is a problem to
organize them. Fortunately, they are not all independent; for example, speed is the
ratio of a length to a time. Thus, what we do is pick out—by international agree-
ment—a small number of physical quantities, such as length and time, and assign
standards to them alone. We then define all other physical quantities in terms of
these base quantities and their standards (called base standards). Speed, for example,
is defined in terms of the base quantities length and time and their base standards.

Base standards must be both accessible and invariable. If we define the
length standard as the distance between one’s nose and the index finger on an
outstretched arm, we certainly have an accessible standard—but it will, of course,
vary from person to person. The demand for precision in science and engineering
pushes us to aim first for invariability. We then exert great effort to make dupli-
cates of the base standards that are accessible to those who need them.

The International System of Units

In 1971, the 14th General Conference on Weights and Measures picked seven
quantities as base quantities, thereby forming the basis of the International
System of Units, abbreviated SI from its French name and popularly known as
the metric system. Table 1-1 shows the units for the three base quantities—Ilength,
mass, and time—that we use in the early chapters of this book. These units were
defined to be on a “human scale.”

Many SI derived units are defined in terms of these base units. For example,
the ST unit for power, called the watt (W), is defined in terms of the base units
for mass, length, and time. Thus, as you will see in Chapter 7,

1watt=1W = 1kg - m?%s’, (1-1)

where the last collection of unit symbols is read as kilogram-meter squared per
second cubed.

To express the very large and very small quantities we often run into in
physics, we use scientific notation, which employs powers of 10. In this notation,

3560 000 000 m = 3.56 X 10° m (1-2)
and 0.000000492 s = 4.92 X 1077 s. (1-3)

Scientific notation on computers sometimes takes on an even briefer look, as in
3.56 E9 and 4.92 E-7, where E stands for “exponent of ten.” It is briefer still on
some calculators, where E is replaced with an empty space.

As a further convenience when dealing with very large or very small mea-
surements, we use the prefixes listed in Table 1-2. As you can see, each prefix
represents a certain power of 10, to be used as a multiplication factor. Attaching
a prefix to an SI unit has the effect of multiplying by the associated factor. Thus,
we can express a particular electric power as

1.27 X 10° watts = 1.27 gigawatts = 1.27 GW (1-4)
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or a particular time interval as
2.35 X 107% s = 2.35 nanoseconds = 2.35 ns. (1-5)

Some prefixes, as used in milliliter, centimeter, kilogram, and megabyte, are
probably familiar to you.

Changing Units

We often need to change the units in which a physical quantity is expressed. We

do so by a method called chain-link conversion. In this method, we multiply the

original measurement by a conversion factor (a ratio of units that is equal to

unity). For example, because 1 min and 60 s are identical time intervals, we have
1 min 60 s

-1 - 1.
60's and

Thus, the ratios (1 min)/(60s) and (60 s)/(1 min) can be used as conversion
factors. This is not the same as writing & = 1 or 60 = 1; each number and its unit
must be treated together.

Because multiplying any quantity by unity leaves the quantity unchanged, we
can introduce conversion factors wherever we find them useful. In chain-link
conversion, we use the factors to cancel unwanted units. For example, to convert
2 min to seconds, we have

2 min = (2 min)(1) = 2 M)( 00s

: m) = 120s. (1-6)

If you introduce a conversion factor in such a way that unwanted units do not
cancel, invert the factor and try again. In conversions, the units obey the same
algebraic rules as variables and numbers.

Appendix D gives conversion factors between SI and other systems of units,
including non-SI units still used in the United States. However, the conversion
factors are written in the style of “1 min = 60 s” rather than as a ratio. So, you
need to decide on the numerator and denominator in any needed ratio.

Length

In 1792, the newborn Republic of France established a new system of weights
and measures. Its cornerstone was the meter, defined to be one ten-millionth of
the distance from the north pole to the equator. Later, for practical reasons, this
Earth standard was abandoned and the meter came to be defined as the distance
between two fine lines engraved near the ends of a platinum—iridium bar, the
standard meter bar, which was kept at the International Bureau of Weights and
Measures near Paris. Accurate copies of the bar were sent to standardizing labo-
ratories throughout the world. These secondary standards were used to produce
other, still more accessible standards, so that ultimately every measuring device
derived its authority from the standard meter bar through a complicated chain
of comparisons.

Eventually, a standard more precise than the distance between two fine
scratches on a metal bar was required. In 1960, a new standard for the meter,
based on the wavelength of light, was adopted. Specifically, the standard for the
meter was redefined to be 1 650 763.73 wavelengths of a particular orange-red
light emitted by atoms of krypton-86 (a particular isotope, or type, of krypton) in
a gas discharge tube that can be set up anywhere in the world. This awkward
number of wavelengths was chosen so that the new standard would be close to
the old meter-bar standard.
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MEASUREMENT

Tahle 1-3 Some Approximate Lengths

Measurement

Distance to the first
galaxies formed
Distance to the
Andromeda galaxy
Distance to the nearby
star Proxima Centauri
Distance to Pluto
Radius of Earth
Height of Mt. Everest
Thickness of this page
Length of a typical virus
Radius of a hydrogen atom
Radius of a proton

Sample Problem 1.01

The world’s largest ball of string is about 2 m in radius. To
the nearest order of magnitude, what is the total length L

of the string in the ball?

KEY IDEA

Length in Meters

2 X 10%
2 X 1022

4 x 10
6 X 1012
6 X 10°
9 X 10°
1 X107
1x10°8
5% 1071
1x 1075

By 1983, however, the demand for higher precision had reached such a point
that even the krypton-86 standard could not meet it, and in that year a bold step was
taken. The meter was redefined as the distance traveled by light in a specified time
interval. In the words of the 17th General Conference on Weights and Measures:

AN
~A' The meter is the length of the path traveled by light in a vacuum during a time
interval of 1/299 792 458 of a second.

This time interval was chosen so that the speed of light c is exactly
¢ =1299792458 m/s.

Measurements of the speed of light had become extremely precise, so it made
sense to adopt the speed of light as a defined quantity and to use it to redefine
the meter.

Table 1-3 shows a wide range of lengths, from that of the universe (top line)
to those of some very small objects.

Significant Figures and Decimal Places

Suppose that you work out a problem in which each value consists of two digits.
Those digits are called significant figures and they set the number of digits that
you can use in reporting your final answer. With data given in two significant
figures, your final answer should have only two significant figures. However,
depending on the mode setting of your calculator, many more digits might be
displayed. Those extra digits are meaningless.

In this book, final results of calculations are often rounded to match the least
number of significant figures in the given data. (However, sometimes an extra
significant figure is kept.) When the leftmost of the digits to be discarded is 5 or
more, the last remaining digit is rounded up; otherwise it is retained as is. For
example, 11.3516 is rounded to three significant figures as 11.4 and 11.3279 is
rounded to three significant figures as 11.3. (The answers to sample problems in
this book are usually presented with the symbol = instead of = even if rounding
is involved.)

When a number such as 3.15 or 3.15 X 10% is provided in a problem, the number
of significant figures is apparent, but how about the number 30007 Is it known to
only one significant figure (3 X 10°)? Or is it known to as many as four significant
figures (3.000 X 10%)? In this book, we assume that all the zeros in such given num-
bers as 3000 are significant, but you had better not make that assumption elsewhere.

Don’t confuse significant figures with decimal places. Consider the lengths
35.6 mm, 3.56 m, and 0.00356 m. They all have three significant figures but they
have one, two, and five decimal places, respectively.

Estimating order of magnitude, ball of string

ball’s builder most unhappy. Instead, because we want only
the nearest order of magnitude, we can estimate any quanti-
ties required in the calculation.

Calculations: Let us assume the ball is spherical with radius

We could, of course, take the ball apart and measure the to-
tal length L, but that would take great effort and make the

R = 2 m. The string in the ball is not closely packed (there
are uncountable gaps between adjacent sections of string).
To allow for these gaps, let us somewhat overestimate



the cross-sectional area of the string by assuming the
cross section is square, with an edge length d =4 mm.
Then, with a cross-sectional area of @ and a length L, the
string occupies a total volume of

V = (cross-sectional area)(length) = d°L.
This is approximately equal to the volume of the ball, given

by 3R>, which is about 4R> because 7 is about 3. Thus, we
have the following

1-2 TIME 5

d’L = 4R3,
AR 4Q2m)
2 (4 x103m)y
=2X10°m~10°m = 10° km.

or L=

(Answer)

(Note that you do not need a calculator for such a simplified
calculation.) To the nearest order of magnitude, the ball
contains about 1000 km of string]!

PLUS Additional examples, video, and practice available at WileyPLUS

1-2 nimEe

Learning Objectives
After reading this module, you should be able to . . . 1.06 Use various measures of time, such as for motion or as

1.05 Change units for time by using chain-link conversions. determined on different clocks.

Key Idea

® The second is defined in terms of the oscillations of light
emitted by an atomic (cesium-133) source. Accurate time

signals are sent worldwide by radio signals keyed to atomic
clocks in standardizing laboratories.

Time

Time has two aspects. For civil and some scientific purposes, we want to know
the time of day so that we can order events in sequence. In much scientific work,
we want to know how long an event lasts. Thus, any time standard must be able
to answer two questions: “When did it happen?” and “What is its duration?”
Table 1-4 shows some time intervals.

Any phenomenon that repeats itself is a possible time standard. Earth’s
rotation, which determines the length of the day, has been used in this way for
centuries; Fig. 1-1 shows one novel example of a watch based on that rotation.
A quartz clock, in which a quartz ring is made to vibrate continuously, can be
calibrated against Earth’s rotation via astronomical observations and used to
measure time intervals in the laboratory. However, the calibration cannot be
carried out with the accuracy called for by modern scientific and engineering
technology.

Table 1-4 Some Approximate Time Intervals

Time Interval Time Interval

Measurement in Seconds Measurement in Seconds
Steven Pitkin

Lifetime of the Time between human heartbeats 8 X 107! . .

proton (predicted) 3 x 10" Lifetime of the muon 2% 10°° Figure 1-1 When the metric system was
Age of the universe 5% 10" Shortest lab light pulse 1 % 10-16 propost?d in 1792, the hour was redeflned
Age of the pyramid of Cheops 1 X 10! Lifetime of the most to provide a 10-hour day. f['he idea did not
Human life expectancy 2 % 10° unstable particle 1 %102 cqtch on. The maker of th‘1s 10-hour watch
Length of a day 9 % 10 The Planck time® 1% 10-8 wisely provided a small dial that kept con-

ventional 12-hour time. Do the two dials

“This is the earliest time after the big bang at which the laws of physics as we know them can be applied. indicate the same time?
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+4 To meet the need for a better time standard, atomic clocks have
been developed. An atomic clock at the National Institute of
Standards and Technology (NIST) in Boulder, Colorado, is the stan-
dard for Coordinated Universal Time (UTC) in the United States. Its
time signals are available by shortwave radio (stations WWV and
WWVH) and by telephone (303-499-7111). Time signals (and related
information) are also available from the United States Naval
’\ Observatory at website http://tycho.usno.navy.mil/time.html. (To set a
“ (

+
o

l\

! }l | |H

!l

\l

clock extremely accurately at your particular location, you would have
to account for the travel time required for these signals to reach you.)

Figure 1-2 shows variations in the length of one day on Earth over
a 4-year period, as determined by comparison with a cesium
(atomic) clock. Because the variation displayed by Fig. 1-2 is sea-

+
no

Difference between length of
day and exactly 24 hours (ms)

M

+1 1950 1981 1982 198% sonal and repetitious, we suspect the rotating Earth when there is a
difference between Earth and atom as timekeepers. The variation is
Figure 1-2 Variations in the length of the due to tidal effects caused by the Moon and to large-scale winds.
day over a 4-year period. Note that the The 13th General Conference on Weights and Measures in 1967 adopted
entire vertical scale amounts to only a standard second based on the cesium clock:

3 ms (= 0.003 s).

"' One second is the time taken by 9 192 631 770 oscillations of the light (of a specified
wavelength) emitted by a cesium-133 atom.

Atomic clocks are so consistent that, in principle, two cesium clocks would have to
run for 6000 years before their readings would differ by more than 1 s. Even such
accuracy pales in comparison with that of clocks currently being developed; their
precision may be 1 part in 10" —that is, 1 sin 1 X 10'® s (which is about 3 X 10°y).

1-3 mass

Learning Objectives

After reading this module, you should be able to . .. 1.08 Relate density to mass and volume when the mass is
1.07 Change units for mass by using chain-link uniformly distributed.
conversions.

Key Ideas

@ The kilogram is defined in terms of a platinum—iridium @ The density p of a material is the mass per unit volume:
standard mass kept near Paris. For measurements on an m

atomic scale, the atomic mass unit, defined in terms of p= v

the atom carbon-12, is usually used.

Mass
The Standard Kilogram

The SI standard of mass is a cylinder of
platinum and iridium (Fig. 1-3) that is kept
at the International Bureau of Weights
and Measures near Paris and assigned, by

Figure 1-3 The international 1 kg standard of
mass, a platinum—iridium cylinder 3.9 cm in
height and in diameter.

Courtesy Bureau International des Poids et Me-
sures. Reproduced with permission of the BIPM.
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international agreement, a mass of 1 kilogram. Accurate copies have been sent
to standardizing laboratories in other countries, and the masses of other bodies
can be determined by balancing them against a copy. Table 1-5 shows some
masses expressed in kilograms, ranging over about 83 orders of magnitude.

The U.S. copy of the standard kilogram is housed in a vault at NIST. It is
removed, no more than once a year, for the purpose of checking duplicate
copies that are used elsewhere. Since 1889, it has been taken to France twice for
recomparison with the primary standard.

A Second Mass Standard

The masses of atoms can be compared with one another more precisely than
they can be compared with the standard kilogram. For this reason, we have
a second mass standard. It is the carbon-12 atom, which, by international agree-
ment, has been assigned a mass of 12 atomic mass units (u). The relation between
the two units is

1u = 1.66053886 x 107* kg, (1-7)
with an uncertainty of =10 in the last two decimal places. Scientists can, with
reasonable precision, experimentally determine the masses of other atoms rela-
tive to the mass of carbon-12. What we presently lack is a reliable means of
extending that precision to more common units of mass, such as a kilogram.

Density

As we shall discuss further in Chapter 14, density p (lowercase Greek letter rho)
is the mass per unit volume:

p= (1-8)

Densities are typically listed in kilograms per cubic meter or grams per cubic
centimeter. The density of water (1.00 gram per cubic centimeter) is often used as
a comparison. Fresh snow has about 10% of that density; platinum has a density
that is about 21 times that of water.

Sample Problem 1.02 D