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PHYSICAL CONSTANTS

CONSTANT SYMBOL THREE-FIGURE VALUE BEST KNOWN VALUE*
Speed of light c 3.00 X 10% m/s 299,792,458 m/s (exact)
Elementary charge e 1.60x107"° C 1.602 176 634 X 107" C (exact)
Electron mass m, 9.11 X 103" kg 9.109 383 56(11) X 10" kg
Proton mass m, 1.67 X 10%" kg 1.672 621 898(21) X 10?7 kg
Gravitational constant G 6.67 X 107" N-m?/kg? 6.67408(31) X 107" N-m?/kg?
Permeability constant Lo 1.26 X 10°°N/A? (H/m) 12.566 370 616 9(29) X 1077 N/A?
Permittivity constant €0 8.85 X 1072 C¥N-m? (F/m)  8.854 187 815 8(20) X 1077 C¥ N-m?
Boltzmann’s constant k 1.38 X 1072 J/K 1.380 649 X 1072 J/K (exact)
Universal gas constant R 8.31 J/K-mol Nik (exact)
Stefan-Boltzmann constant o 5.67 X 1078 W/m*K* 5.670 367(13) X 1078 W/m*>K*
Planck’s constant h(= 2mh) 6.63 X 107 Js 6.626 070 15 X 1073* J-s (exact)
Avogadro’s number Ny 6.02 X 10% mol™! 6.022 140 76 X 10* mol™! (exact)
Bohr radius ag 529 X 107 ''m 5291772085 9(36) X 10 ''m
*Parentheses indicate uncertainties in last decimal places. Source: U.S. National Institute of Standards and Technology, 2014, 2019 values
SI PREFIXES THE GREEK ALPHABET
POWER PREFIX SYMBOL UPPERCASE LOWERCASE
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1012 tera T Epsilon E €
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. Pi 11 T
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107° nano n Sigma 3 o
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_ S1

10 yocto Y Omega Q 3]

Conversion Factors (more conversion factors in Appendix C)

Length Mass, energy, force Pressure
lin = 2.54cm lu= 1661 X 10 kg 1 atm = 101.3 kPa = 760 mm Hg
I mi = 1.609 km 1cal = 4.184] 1 atm = 14.7 Ib/in?
1 ft = 0.3048 m 1 Btu = 1.054 kJ Rotation and angle
1 light year = 9.46 X 10> m 1kWh = 3.6 MJ Lrad = 180%7 — 57.3°
Velocity lev = 1602 10 7 I rev = 360° = 27 rad
. 1 pound (Ib) = 4.448 N _
1 mi/h = 0.447 m/s . 1 rev/s = 60 rpm
— weight of 0.454 k P
1 m/s = 2.24 mi/h = 3.28 ft/s g ATKE .
Time Magnetic field

— —4
1 day = 86,400 s I'gauss = 10T

1 year = 3.156 X 107 s



VOLUME TWO

Chapters 20-39

Essential

University Physics

FOURTH EDITION

Richard Wolfson

Middlebury College

@ Pearson



Physics & Astronomy Portfolio Analyst: lan Desrosiers
Director of Physical Science Portfolio: Jeanne Zalesky
Content Producer: Tiffany Mok
Managing Producer: Kristen Flathman
Courseware Director, Content Development:

Barbara Yien
Courseware Analyst: Coleen Morrison
Development Editor: John Murdzek
Courseware Editorial Assistant: Frances Lai
Rich Media Content Producer: Alison Candlin
Mastering Media Producer: David Hoogewerff
Full-Service Vendor: Integra Software Services
Copyeditor: Daniel Nighting
Compositor: Integra Software Services

Art Coordinator: Troutt Visual Services

Design Manager: Maria Guglielmo Walsh

Interior Designer: Wee Design Group

Cover Designer: Wee Design Group

Hllustrators: Troutt Visual Services

Rights & Permissions Project Manager: Carol Ylanan
and John Paul Belcifia

Rights & Permissions Management: SPi Global

Manufacturing Buyer: Stacey Weinberger

Director of Field Marketing: Tim Galligan

Director of Product Marketing: Alison Rona

Field Marketing Manager: Yez Alayan

Product Marketing Manager: Elizabeth Bell

Cover Photo Credit: Enrique Diaz/7cero/Getty Images

Copyright © 2020, 2016, 2012 Pearson Education, Inc. 221 River Street, Hoboken, NJ
07030. All Rights Reserved. Printed in the United States of America. This publication is
protected by copyright, and permission should be obtained from the publisher prior to any
prohibited reproduction, storage in a retrieval system, or transmission in any form or by
any means, electronic, mechanical, photocopying, recording, or otherwise. For informa-
tion regarding permissions, request forms and the appropriate contacts within the Pearson
Education Global Rights & Permissions department.

Attributions of third party content appear on page C-1, which constitutes an extension of
this copyright page.

PEARSON, ALWAYS LEARNING, Mastering™ Physics are exclusive trademarks in the
U.S. and/or other countries owned by Pearson Education, Inc. or its affiliates.

Unless otherwise indicated herein, any third-party trademarks that may appear in this
work are the property of their respective owners and any references to third-party trade-
marks, logos or other trade dress are for demonstrative or descriptive purposes only. Such
references are not intended to imply any sponsorship, endorsement, authorization, or pro-
motion of Pearson’s products by the owners of such marks, or any relationship between
the owner and Pearson Education, Inc. or its affiliates, authors, licensees or distributors.

Library of Congress Cataloging-in-Publication Data

Names: Wolfson, Richard, author.

Title: Essential university physics / Richard Wolfson.

Description: Fourth edition. | New York : Pearson Education, [2020] |
Includes index.

Identifiers: LCCN 20180315611 ISBN 9780134988559 (softcover : v. 1) |
ISBN 9780134988566 (softcover : v. 2)

Subjects: LCSH: Physics—Textbooks.

Classification: LCC QC21.3 .W65 2020 | DDC 530—dc23

LC record available at https://Iccn.loc.gov/2018031561

(Student edition)
ISBN 10: 0-134-98856-6
ISBN 13: 978-0-134-98856-6

(Looseleaf edition)
Pe arson ISBN 10:  0-135-26467-7
WWWw.pearson.com ISBN 13: 978-0-135-26467-6



https://lccn.loc.gov/2018031561
www.pearson.com

Brief Contents

Chapter 22 Electric Potential 414

Chapter 1 Doing Physics 1

PART ONE
Mechanics 15

Chapter 2 Motion in a Straight Line 16

Chapter 3 Motion in Two and Three Dimensions 34
Chapter 4 Force and Motion 54

Chapter 5 Using Newton’s Laws 74

Chapter 6 Energy, Work, and Power 94

Chapter 7 Conservation of Energy 113

Chapter 8 Gravity 134

Chapter 9 Systems of Particles 150

Chapter 10 Rotational Motion 175

Chapter 11 Rotational Vectors and Angular
Momentum 196

Chapter 12 Static Equilibrium 211

PART TWO
Oscillations, Waves, and Fluids 228

Chapter 13 Oscillatory Motion 229
Chapter 14 Wave Motion 250
Chapter 15 Fluid Motion 274

PART THREE
Thermodynamics 294

Chapter 16 Temperature and Heat 295
Chapter 17 The Thermal Behavior of Matter 313

Chapter 18 Heat, Work, and the First Law of
Thermodynamics 328

Chapter 19 The Second Law of Thermodynamics 345

PART FOUR
Electromagnetism 367

Chapter 20 Electric Charge, Force, and Field 368
Chapter 21 Gauss's Law 389

Chapter 23 Electrostatic Energy and Capacitors 434
Chapter 24 Electric Current 449

Chapter 25 Electric Circuits 467

Chapter 26 Magnetism: Force and Field 488
Chapter 27 Electromagnetic Induction 516
Chapter 28 Alternating-Current Circuits 545

Chapter 29 Maxwell's Equations and Electromagnetic
Waves 564

PART FIVE
Optics 588

Chapter 30 Reflection and Refraction 589
Chapter 31 Images and Optical Instruments 603
Chapter 32 Interference and Diffraction 624

PART SIX
Modern Physics 647

Chapter 33 Relativity 648

Chapter 34 Particles and Waves 674
Chapter 35 Quantum Mechanics 694
Chapter 36 Atomic Physics 711
Chapter 37 Molecules and Solids 730
Chapter 38 Nuclear Physics 749

Chapter 39 From Quarks to the Cosmos 777

Appendix A. Mathematics A-1

Appendix B. The International System of Units (SI) A-9
Appendix C. Conversion Factors A-11

Appendix D. The Elements A-13

Appendix E. Astrophysical Data A-16

Answers to Odd-Numbered Problems A-17

Credits C-1
Index 1-2



Detailed Contents

Volume 1 contains Chapters 1-19 5.3 Circular Motion 79
Volume 2 contains Chapters 20-39 5.4 Friction 83
Chapter 1 Doing Physics 1 5.5 Drag Forces 88
1.1 Realms of Physics 1 Chapter 6 Energy, Work, and Power 94
1.2 Measurements and Units 2 6.1 Energy 94
1.3 Working with Numbers 5 6.2 Work 96
1.4 Strategies for Learning Physics 8 6.3 Forces That Vary 99

6.4 Kinetic Energy 103

PART ONE 6.5 Power 105

Mechanics 15

Chapter 7 Conservation of Energy 113
Chapter 2 Motion in a Straight Line 16

7.1 Conservative and Nonconservative Forces 114

7.2 Potential Energy 115

2.1 Average Motion 16
2.2 Instantaneous Velocity 18

7.3 Conservation of Mechanical Energy 119
2.3 Acceleration 20

7.4 Nonconservative Forces 122
2.4 Constant Acceleration 22

7.5 Conservation of Energy 124
2.5 The Acceleration of Gravity 25

7.6 Potential-Energy Curves 125
Chapter 8 Gravity 134

2.6 When Acceleration Isn't Constant 27
Chapter 3 Motion in Two and Three Dimensions 34

8.1 Toward a Law of Gravity 134
3.1 Vectors 34

8.2 Universal Gravitation 135

3.2 Velocity and Acceleration Vectors 37 ] ]
8.3 Orbital Motion 137

3.3 Relative Motion 38 o
8.4 Gravitational Energy 140

8.5 The Gravitational Field 144

3.4 Constant Acceleration 40

3.5 Projectile Motion 41

Chapter 9 Systems of Particles 150
3.6 Uniform Circular Motion 46

' 9.1 Center of Mass 150
Chapter 4 Force and Motion 54

9.2 Momentum 156
4.1 The Wrong Question 54 -
9.3 Kinetic Energy of a System 160

9.4 Collisions 161

4.2 Newton's First and Second Laws 55
4.3 Forces 59

9.5 Totally Inelastic Collisions 162
4.4 The Force of Gravity 60

9.6 Elastic Collisions 164

4.5 Using Newton’s Second Law 62 ) ,
Chapter 10 Rotational Motion 175

4.6 Newton's Third Law 65

_ 10.1 Angular Velocity and Acceleration 175
Chapter 5 Using Newton'’s Laws 74

10.2 Torque 178
5.1 Using Newton's Second Law 74

10.3 Rotational Inertia and the Analog of Newton'’s
5.2 Multiple Objects 77 Law 180



10.4 Rotational Energy 185
10.5 Rolling Motion 187

Chapter 11 Rotational Vectors and Angular
Momentum 196

11.1 Angular Velocity and Acceleration Vectors 196

11.2 Torque and the Vector Cross Product 197
11.3 Angular Momentum 199
11.4 Conservation of Angular Momentum 201
11.5 Gyroscopes and Precession 203
Chapter 12 Static Equilibrium 211
12.1 Conditions for Equilibrium 211
12.2 Center of Gravity 213
12.3 Examples of Static Equilibrium 214
12.4 Stability 216

PART TWO
Oscillations, Waves, and Fluids 228

Chapter 13 Oscillatory Motion 229

13.1 Describing Oscillatory Motion 230

13.2 Simple Harmonic Motion 231

13.3 Applications of Simple Harmonic Motion 234

13.4 Circular Motion and Harmonic Motion 238

13.5 Energy in Simple Harmonic Motion 239

13.6 Damped Harmonic Motion 241

13.7 Driven Oscillations and Resonance 242
Chapter 14 Wave Motion 250

14.1 Waves and Their Properties 250

14.2 Wave Math 252

14.3 Waves on a String 254

14.4 Wave Energy 255

14.5 Sound Waves 257

14.6 Interference 258

14.7 Reflection and Refraction 261

14.8 Standing Waves 263

14.9 The Doppler Effect and Shock Waves 265
Chapter 15 Fluid Motion 274

15.1 Density and Pressure 274

15.2 Hydrostatic Equilibrium 275

15.3 Archimedes’ Principle and Buoyancy 278

Contents

15.4 Fluid Dynamics 280
15.5 Applications of Fluid Dynamics 283
15.6 Viscosity and Turbulence 287

PART THREE
Thermodynamics 294

Chapter 16 Temperature and Heat 295

16.1 Heat, Temperature, and Thermodynamic
Equilibrium 295

16.2 Heat Capacity and Specific Heat 297
16.3 Heat Transfer 299
16.4 Thermal-Energy Balance 305

Chapter 17 The Thermal Behavior of Matter 313
17.1 Gases 313
17.2 Phase Changes 318
17.3 Thermal Expansion 321

Chapter 18 Heat, Work, and the First Law of
Thermodynamics 328

18.1 The First Law of Thermodynamics 328
18.2 Thermodynamic Processes 330
18.3 Specific Heats of an Ideal Gas 338
Chapter 19 The Second Law of Thermodynamics 345
19.1 Reversibility and Irreversibility 345
19.2 The Second Law of Thermodynamics 346
19.3 Applications of the Second Law 350
19.4 Entropy and Energy Quality 353

PART FOUR
Electromagnetism 367

Chapter 20 Electric Charge, Force, and Field 368
20.1 Electric Charge 368
20.2 Coulomb’s Law 369
20.3 The Electric Field 373
20.4 Fields of Charge Distributions 375
20.5 Matter in Electric Fields 380
Chapter 21 Gauss's Law 389
21.1 Electric Field Lines 389
21.2 Electric Field and Electric Flux 391
21.3 Gauss's Law 394
21.4 Using Gauss's Law 396

\")



vi Contents

21.5 Fields of Arbitrary Charge Distributions 403 27.5 Magnetic Energy 533
21.6 Gauss's Law and Conductors 404 27.6 Induced Electric Fields 536
Chapter 22 Electric Potential 414 Chapter 28 Alternating-Current Circuits 545
22.1 Electric Potential Difference 414 28.1 Alternating Current 545
22.2 Calculating Potential Difference 418 28.2 Circuit Elements in AC Circuits 546
22.3 Potential Difference and the Electric Field 424 28.3 LC Circuits 550
22.4 Charged Conductors 427 28.4 Driven RLC Circuits and Resonance 553
Chapter 23 Electrostatic Energy and Capacitors 434 28.5 Power in AC Circuits 556
23.1 Electrostatic Energy 434 28.6 Transformers and Power Supplies 557
23.2 Capacitors 435 Chapter 29 Maxwell's Equations and Electromagnetic
23.3 Using Capacitors 437 Waves 564
23.4 Energy in the Electric Field 441 29.1 The Four Laws of Electromagnetism 564
Chapter 24 Electric Current 449 29.2 Ambiguity in Ampere’s Law 565

29.3 Maxwell’s Equations 567
29.4 Electromagnetic Waves 568

24.1 Electric Current 449
24.2 Conduction Mechanisms 452
24.3 Resistance and Ohm’'s Law 456
24.4 Electric Power 458
24.5 Electrical Safety 459

Chapter 25 Electric Circuits 467

29.5 Properties of Electromagnetic Waves 572
29.6 The Electromagnetic Spectrum 576
29.7 Producing Electromagnetic Waves 577

29.8 Energy and Momentum in Electromagnetic

Waves 578
25.1 Circuits, Symbols, and Electromotive Force 467
25.2 Series and Parallel Resistors 468 PART FIVE
25.3 Kirchhoff’s Laws and Multiloop Circuits 474 Optics 588

25.4 Electrical Measurements 476 Chapter 30 Reflection and Refraction 589

30.1 Reflection 589
30.2 Refraction 591

30.3 Total Internal Reflection 593
26.2 Magnetic Force and Field 489 30.4 Dispersion 595

26.3 Charged Particles in Magnetic Fields 491

25.5 Capacitors in Circuits 477
Chapter 26 Magnetism: Force and Field 488
26.1 What Is Magnetism? 488

Chapter 31 Images and Optical Instruments 603
26.4 The Magnetic Force on a Current 493

26.5 Origin of the Magnetic Field 495
26.6 Magnetic Dipoles 498

26.7 Magnetic Matter 501

26.8 Ampere’s Law 503

31.1 Images with Mirrors 603
31.2 Images with Lenses 608
31.3 Refraction in Lenses: The Details 611
31.4 Optical Instruments 614
Chapter 32 Interference and Diffraction 624

Chapter 27 Electromagnetic Induction 516 32 1 Coherence and Interference 624

27.1 Induced Currents 516

27.2 Faradays Law 518 32.3 Multiple-Slit Interference and Diffraction
27.3 Induction and Energy 522 Gratings 629

27.4 Inductance 528 32.4 Interferometry 633

32.2 Double-Slit Interference 626



32.5 Huygens' Principle and Diffraction 635
32.6 The Diffraction Limit 638

PART SIX
Modern Physics 647

Chapter 33 Relativity 648
33.1 Speed c Relative to What? 649
33.2 Matter, Motion, and the Ether 649
33.3 Special Relativity 651
33.4 Space and Time in Relativity =~ 652
33.5 Simultaneity Is Relative 657
33.6 The Lorentz Transformations 659
33.7 Energy and Momentum in Relativity =~ 662
33.8 Electromagnetism and Relativity 666
33.9 General Relativity 667
Chapter 34 Particles and Waves 674
34.1 Toward Quantum Theory 674
34.2 Blackbody Radiation 675
34.3 Photons 677
34.4 Atomic Spectra and the Bohr Atom 680
34.5 Matter Waves 684
34.6 The Uncertainty Principle 686
34.7 Complementarity 688
Chapter 35 Quantum Mechanics 694
35.1 Particles, Waves, and Probability 695
35.2 The Schrodinger Equation 696
35.3 Particles and Potentials 698
35.4 Quantum Mechanics in Three Dimensions
35.5 Relativistic Quantum Mechanics 705
Chapter 36 Atomic Physics 711
36.1 The Hydrogen Atom 711
36.2 Electron Spin 715

705

Contents  vii

36.3 The Exclusion Principle 718
36.4 Multielectron Atoms and the Periodic Table 719
36.5 Transitions and Atomic Spectra 723
Chapter 37 Molecules and Solids 730
37.1 Molecular Bonding 730
37.2 Molecular Energy Levels 732
37.3 Solids 735
37.4 Superconductivity 741
Chapter 38 Nuclear Physics 749
38.1 Elements, Isotopes, and Nuclear Structure 749
38.2 Radioactivity 754
38.3 Binding Energy and Nucleosynthesis 760
38.4 Nuclear Fission 762
38.5 Nuclear Fusion 768
Chapter 39 From Quarks to the Cosmos 777
39.1 Particles and Forces 777
39.2 Particles and More Particles 778
39.3 Quarks and the Standard Model 782
39.4 Unification 785
39.5 The Evolving Universe 787

APPENDICES

Appendix A Mathematics A-1

Appendix B The International System of Units (SI) A-9
Appendix C Conversion Factors  A-11

Appendix D The Elements A-13

Appendix E Astrophysical Data A-16

Answers to Odd-Numbered Problems A-17

Credits C-1

Index 1-2



viii

Richard Wolfson

Richard Wolfson is the Benjamin F. Wissler Professor of Physics at Middlebury College,
where he has taught since 1976. He did undergraduate work at MIT and Swarthmore
College, and he holds an M.S. from the University of Michigan and a Ph.D. from
Dartmouth. His ongoing research on the Sun’s corona and climate change has taken him
to sabbaticals at the National Center for Atmospheric Research in Boulder, Colorado; St.
Andrews University in Scotland; and Stanford University.

Rich is a committed and passionate teacher. This is reflected in his many publications
for students and the general public, including the video series Einstein’s Relativity and
the Quantum Revolution: Modern Physics for Nonscientists (The Teaching Company,
1999), Physics in Your Life (The Teaching Company, 2004), Physics and Our Universe:
How It All Works (The Teaching Company, 2011), and Understanding Modern Electronics
(The Teaching Company, 2014); books Nuclear Choices: A Citizen’s Guide to Nuclear
Technology (MIT Press, 1993), Simply Einstein: Relativity Demystified (W. W. Norton,
2003), and Energy, Environment, and Climate (W. W. Norton, third edition, 2018); and
articles for Scientific American and the World Book Encyclopedia.

Outside of his research and teaching, Rich enjoys hiking, canoeing, gardening,
cooking, and watercolor painting.



Preface to the Instructor

Introductory physics texts have grown ever larger, more massive, more encyclopedic, more
colorful, and more expensive. Essential University Physics bucks that trend—without
compromising coverage, pedagogy, or quality. The text benefits from the author’s four
decades of teaching introductory physics, seeing firsthand the difficulties and misconcep-
tions that students face as well as the GOT IT? moments when big ideas become clear. It
also builds on the author’s honing multiple editions of a previous calculus-based textbook
and on feedback from hundreds of instructors and students.

Goals of This Book

Physics is the fundamental science, at once fascinating, challenging, and subtle—and yet
simple in a way that reflects the few basic principles that govern the physical universe. My
goal is to bring this sense of physics alive for students in a range of academic disciplines
who need a solid calculus-based physics course—whether they’re engineers, physics ma-
jors, premeds, biologists, chemists, geologists, mathematicians, computer scientists, or
other majors. My own courses are populated by just such a variety of students, and among
my greatest joys as a teacher is having students who took a course only because it was re-
quired say afterward that they really enjoyed their exposure to the ideas of physics. More
specifically, my goals include:

o Helping students build the analytical and quantitative skills and confidence needed
to apply physics in problem solving for science and engineering.

o Addressing key misconceptions and helping students build a stronger conceptual
understanding.

o Helping students see the relevance and excitement of the physics they’re studying
with contemporary applications in science, technology, and everyday life.

o Helping students develop an appreciation of the physical universe at its most funda-
mental level.

o Engaging students with an informal, conversational writing style that balances pre-
cision with approachability.

New to the Fourth Edition

The emphasis in this fourth-edition revision has been on pedagogical features, includ-
ing substantial updates to the end-of-chapter problem sets, learning outcomes, annotated
equations, and new, contemporary applications. In addition, I’ve responded—as I have in
previous editions—to the many suggestions made by my colleagues, by instructors around
the world, and by reviewers engaged to help make this the most student-friendly and ped-
agogically useful edition of Essential University Physics. And, as always, I’ve been on the
lookout for new developments in physics and technology to incorporate into the text.

o Chapter opening pages have been redesigned to include explicit lists of learning
outcomes associated with each chapter. Learning outcomes appear at the appropri-
ate section headings and are also keyed with specific problems.

e End-of-chapter problem sets each have between 15% and 20% new problems. Many
of the new problems are of intermediate difficulty, featuring multiple steps and re-
quiring a clear understanding of problem-solving strategies. I've also increased the
number of estimation problems and of problems involving symbolic rather than nu-
merical answers. Still other new problems feature contemporary real-world situations.



X Preface to the Instructor

e Among the most exciting of the new features—and one that gave me both great chal-
lenges and great professional satisfaction—are the Example Variation (EV) prob-
lems. These two sets of four related problems in each chapter, each set based on one
of the chapter’s worked examples, help the student make connections, enhance her un-
derstanding of physics, and build confidence in solving problems different from ones
she’s seen before. The first problem in each set is essentially the example problem but
with different numbers. The second presents the same scenario as the example but asks
a different question. The third and fourth problems repeat this pattern but with entirely
different scenarios. Working these problems ensures first that the student understands
the worked example and then gradually takes her out of her comfort zone to explore
new physics, more challenging math, and more complex problem solving.

e Students should perceive a physics textbook as more than a list of equations to con-
sult in solving assigned problems. Essential University Physics has always helped
students avoid this unfortunate approach to physics. Earlier editions had a few in-
stances where I felt an equation was so important that I developed a separate figure
that was essentially an “anatomy” of the equation, with annotations pointing to and
explaining the terms in the equation. The new edition extends this approach with
annotated key equations, giving life to and understanding of all the most impor-
tant and fundamental equations as statements about the physical universe rather
than mere math into which numbers get plugged.

o A host of new applications connects physics concepts that students are learning with
contemporary technological and biomedical innovations, as well as recent scientific
discoveries. A sample of new applications includes the acceleration of striking rattle-
snakes, gravitational wave detection and multimessenger astronomy, earthquake reso-
nance effects, the New Horizons mission to Pluto, the audacious Starshot project, the
graded-index lenses of squids’ eyes, and environmental and energy issues.

e As with earlier revisions, I’ve incorporated new research results, new applications
of physics principles, and findings from physics education research.

o Finally, this edition includes the 2019 revision of the SI—the international system
of units—which represents the most significant change the SI has undergone in
more than a century.

Pedagogical Innovations

This book is concise, but it’s also progressive in its embrace of proven techniques from phys-
ics education research and strategic in its approach to learning physics. Chapter 1 introduces
the IDEA framework for problem solving, and every one of the book’s subsequent worked
examples employs this framework. IDEA—an acronym for Identify, Develop, Evaluate,
Assess—is not a “‘cookbook’ method for students to apply mindlessly, but rather a tool for
organizing students’ thinking and discouraging equation hunting. It begins with an interpreta-
tion of the problem and an identification of the key physics concepts involved; develops a plan
for reaching the solution; carries out the mathematical evaluation; and assesses the solution to
see that it makes sense, to compare the example with others, and to mine additional insights
into physics. In nearly all of the text’s worked examples, the Develop phase includes making
a drawing, and most of these use a hand-drawn style to encourage students to make their own
drawings—a step that research suggests they often skip. IDEA provides a common approach
to all physics problem solving, an approach that emphasizes the conceptual unity of physics
and helps break the typical student view of physics as a hodgepodge of equations and unre-
lated ideas. In addition to IDEA-based worked examples, other pedagogical features include:

o Problem-Solving Strategy boxes that follow the IDEA framework to provide detailed
guidance for specific classes of physics problems, such as Newton’s second law, con-
servation of energy, thermal-energy balance, Gauss’s law, or multiloop circuits.

o Tactics boxes that reinforce specific essential skills such as differentiation, setting
up integrals, vector products, drawing free-body diagrams, simplifying series and
parallel circuits, or ray tracing.



e QR codes at the end of each chapter link to resources on Mastering Physics,
including video tutorials. These “Pause and predict” videos of key physics concepts
ask students to submit a prediction before they see the outcome. The videos are also
available in the Study Area of Mastering and in the Pearson eText.

o GOT IT? boxes that provide quick checks for students to test their conceptual under-
standing. Many of these use a multiple-choice or quantitative ranking format to probe
student misconceptions and facilitate their use with classroom-response systems.

o Tips that provide helpful problem-solving hints or warn against common pitfalls
and misconceptions.

o Chapter openers that include a graphical indication of where the chapter lies in se-
quence as well as lists of the learning outcomes and of skills and knowledge needed
for the chapter. Each chapter also includes an opening photo, captioned with a ques-
tion whose answer should be evident after the student has completed the chapter.

o Applications, self-contained presentations typically shorter than half a page,
provide interesting and contemporary instances of physics in the real world, such as
bicycle stability; flywheel energy storage; laser vision correction; ultracapacitors;
noise-cancelling headphones; wind energy; magnetic resonance imaging;
smartphone gyroscopes; combined-cycle power generation; circuit models of the
cell membrane; CD, DVD, and Blu-ray technologies; radiocarbon dating; and
many, many more.

o For Thought and Discussion questions at the end of each chapter designed for
peer learning or for self-study to enhance students’ conceptual understanding of
physics.

o Annotated figures that adopt the research-based approach of including simple
“instructor’s voice” commentary to help students read and interpret pictorial and
graphical information.

o Annotated equations, new to the fourth edition, that feature a similar format to the
annotated figures.

o End-of-chapter problems that begin with simpler exercises keyed to individual
chapter sections and ramp up to more challenging and often multistep problems
that synthesize chapter material. Context-rich problems focusing on real-world
situations are interspersed throughout each problem set.

o Chapter summaries that combine text, art, and equations to provide a synthe-
sized overview of each chapter. Each summary is hierarchical, beginning with the
chapter’s “big ideas,” then focusing on key concepts and equations, and ending with
a list of “applications”—specific instances or applications of the physics presented
in the chapter.

Organization
This contemporary book is concise, strategic, and progressive, but it’s traditional in its orga-
nization. Following the introductory Chapter 1, the book is divided into six parts. Part One
(Chapters 2—12) develops the basic concepts of mechanics, including Newton’s laws and
conservation principles as applied to single particles and multiparticle systems. Part Two
(Chapters 13—15) extends mechanics to oscillations, waves, and fluids. Part Three (Chap-
ters 16—19) covers thermodynamics. Part Four (Chapters 20-29) deals with electricity and
magnetism. Part Five (Chapters 30-32) treats optics, first in the geometrical optics approxi-
mation and then including wave phenomena. Part Six (Chapters 33-39) introduces relativity
and quantum physics. Each part begins with a brief description of its coverage, and ends with
a conceptual summary and a challenge problem that synthesizes ideas from several chapters.
Essential University Physics is available in two paperback volumes, so students can
purchase only what they need—making the low-cost aspect of this text even more attrac-
tive. Volume 1 includes Parts One, Two, and Three, mechanics through thermodynamics.
Volume 2 contains Parts Four, Five, and Six, electricity and magnetism along with optics
and modern physics.
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Instructor Supplements

Note: For convenience, all of the following instructor supplements can be downloaded
from the Instructor’s Resource Area of Mastering™ Physics (www.masteringphysics.com).

Instructor or Student

Name of Supplement Supplement

Description

Mastering™ Physics
(www.masteringphysics.com)
(9780135285848)

Supplement for Students and
Instructors

Pearson eText enhanced with
media (9780135208120)

Supplement for Students and
Instructors

Instructor Solutions
Manual-Download Only
(9780135191729)

Supplement for Instructors

Instructor Resources
Materials—Download Only
(9780135412510)

Supplement for Instructors

TestGen Test Bank—Download
Only (9780135412497)

Supplement for Instructors
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Preface to the Student

Welcome to physics! Maybe you’re taking introductory physics
because you’re majoring in a field of science or engineering that
requires a semester or two of physics. Maybe you’re premed,
and you know that medical schools are interested in seeing
calculus-based physics on your transcript. Perhaps you’re really
gung-ho and plan to major in physics. Or maybe you want to
study physics further as a minor associated with related fields
like math, computer science, or chemistry or to complement a
discipline like economics, environmental studies, or even mu-
sic. Perhaps you had a great high-school physics course, and
you’re eager to continue. Maybe high-school physics was an
academic disaster for you, and you’re approaching this course
with trepidation. Or perhaps this is your first experience with
physics. Whatever your reason for taking introductory physics,
welcome!

And whatever your reason, my goals for you are similar:
I’d like to help you develop an understanding and appreciation
of the physical universe at a deep and fundamental level; I'd
like you to become aware of the broad range of natural and
technological phenomena that physics can explain; and I'd like
to help you strengthen your analytic and quantitative problem-
solving skills. Even if you're studying physics only because it’s
a requirement, I want to help you engage the subject and come
away with an appreciation for this fundamental science and its
wide applicability. One of my greatest joys as a physics teacher
is having students tell me after the course that they had taken
it only because it was required, but found they really enjoyed
their exposure to the ideas of physics.

Physics is fundamental. To understand physics is to under-
stand how the world works, both in everyday life and on scales
of time and space so small and so large as to defy intuition. For
that reason I hope you’ll find physics fascinating. But you’ll
also find it challenging. Learning physics will challenge you
with the need for precise thinking and language; with subtle
interpretations of even commonplace phenomena; and with the
need for skillful application of mathematics. But there’s also
a simplicity to physics, a simplicity that results because there
are in physics only a very few really basic principles to learn.
Those succinct principles encompass a universe of natural phe-
nomena and technological applications.

I’ve been teaching introductory physics for decades, and
this book distills everything my students have taught me about
the many different ways to approach physics; about the subtle
misconceptions students often bring to physics; about the ideas
and types of problems that present the greatest challenges; and
about ways to make physics engaging, exciting, and relevant to
your life and interests.

Xiv

I have some specific advice for you that grows out of my
long experience teaching introductory physics. Keeping this
advice in mind will make physics easier (but not necessarily
easy!), more interesting, and, I hope, more fun:

e Read each chapter thoroughly and carefully before you
attempt to work any problem assignments. I’ve written
this text with an informal, conversational style to make it
engaging. It’s not a reference work to be left alone until
you need some specific piece of information; rather,
it’s an unfolding “story” of physics—its big ideas and
their applications in quantitative problem solving. You
may think physics is hard because it’s mathematical,
but in my long experience I’ve found that failure to read
thoroughly is the biggest single reason for difficulties in
introductory physics.

o Look for the big ideas. Physics isn’t a hodgepodge of
different phenomena, laws, and equations to memorize.
Rather, it’s a few big ideas from which flow myriad
applications, examples, and special cases. In particular,
don’t think of physics as a jumble of equations that you
choose among when solving a problem. Rather, identify
those few big ideas and the equations that represent
them, and try to see how seemingly distinct examples
and special cases relate to the big ideas.

o When working problems, re-read the appropriate sec-
tions of the text, paying particular attention to the
worked examples. Follow the IDEA strategy described
in Chapter 1 and used in every subsequent worked ex-
ample. Don’t skimp on the final Assess step. Always
ask: Does this answer make sense? How can I under-
stand my answer in relation to the big principles of
physics? How was this problem like others I've worked,
or like examples in the text?

e Don’t confuse physics with math. Mathematics is a tool,
not an end in itself. Equations in physics aren’t abstract
math, but statements about the physical world. Be sure
you understand each equation for what it says about phys-
ics, not just as an equality between mathematical terms.

o Work with others. Getting together informally in a room
with a blackboard is a great way to explore physics,
to clarify your ideas and help others clarify theirs, and
to learn from your peers. I urge you to discuss physics
problems together with your classmates, to contemplate
together the “For Thought and Discussion” questions at
the end of each chapter, and to engage one another in
lively dialog as you grow your understanding of physics,
the fundamental science.
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Video Tutor Demonstrations

Video tutor demonstrations can be accessed by scanning the QR code at the end of each chapter in the textbook using a smartphone.
They are also available in the Study Area and Instructor’s Resource Area on Mastering Physics and in the eText. Practice Exams and
Dynamic Study Modules, which can be used to prepare for exams, are also available in Mastering Physics.
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Electricity constitutes a significant portion of humankind'’s energy, as evidenced by this composite satellite image of Earth at night.
Nearly all that electrical energy is produced by generators, devices that exploit an intimate relation between electricity and magnetism.

lectromagnetism is one of the fundamental

forces, and it governs the behavior of matter

from the atomic scale to the macroscopic world.
Electromagnetic technology, from computer micro-
chips to cell phones and on to large electric motors
and generators, is essential to modern society. Even
our bodies rely heavily on electromagnetism: Electric
signals pace our heartbeat, electrochemical process-
es transmit nerve impulses, and the electric structure
of cell membranes mediates the flow of materials
into and out of the cell.

Four fundamental laws describe electricity and

magnetism. Two deal separately with the two

OVERVIEW

phenomena, while the others reveal profound
connections that make electricity and magne-

tism aspects of a single phenomenon that we

call electromagnetism. In this part you'll come to
understand those fundamental laws, learn how
electromagnetism determines the structure and
behavior of nearly all matter, and explore the
electromagnetic technologies that play so important
arole in your life. Finally, you'll see how the laws
of electromagnetism lead to electromagnetic waves
and thus help us understand the nature of light.
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Learning Outcomes
After finishing this chapter you should be able to:

LO 20.1 Describe electric charge as a fundamental property of matter.
LO 20.2 Use Coulomb’s law to calculate the forces between charges.

LO 20.3 Use the superposition principle to calculate forces involving
multiple charges.

LO 20.4 Describe the concept of electric field.

LO 20.5 Determine the fields of electric charge distributions using
superposition.

LO 20.6 Describe the electric dipole and the field it produces.

LO 20.7 Determine the fields of continuous charge distributions by
integration.

LO 20.8 Determine the motion of charged particles in electric fields.

LO 20.9 Determine forces and torques on electric dipoles in electric fields.

Skills & Knowledge You’ll Need

B The concept of force and Newton's
second law (Sections 4.2 and 4.3)

B The gravitational field (Section 8.5)

Integration techniques for physics
(Tactics 9.1)

B The concept of torque, expressed as a
cross product (Section 11.2)

hat holds your body together? What keeps a skyscraper standing?

What holds your car on the road as you round a turn? What gov-
erns the electronic circuitry in your computer or smartphone, or provides
the tension in your climbing rope? What enables a plant to make sugar
from sunlight and simple chemicals? What underlies the awesome beauty
of lightning? The answer, in all cases, is the electric force. With the excep-
tion of gravity, all the forces we've encountered in mechanics—including
tension forces, normal forces, compression forces, and friction—are based
on electric interactions; so are the forces responsible for all of chemistry
and biology. The electric force, in turn, involves a fundamental property of
matter—namely, electric charge.

20.1 Electric Charge

LO 20.1 Describe electric charge as a fundamental property
of matter.

Electric charge is an intrinsic property of the electrons and protons that, along
with uncharged neutrons, make up ordinary matter. What is electric charge? At
the most fundamental level we don’t know. We don’t know what mass “really”
is either, but we’re familiar with it because we’ve spent our lives pushing ob-
jects around. Similarly, our knowledge of electric charge results from observ-
ing the behavior of charged objects.

Charge comes in two varieties, which Benjamin Franklin designated
positive and negative. Those names are useful because the total charge on
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an object—the object’s net charge—is the algebraic sum of its constituent charges. Like
charges repel, and opposites attract, a fact that constitutes a qualitative description of the
electric force.

Quantities of Charge

All electrons carry the same charge, and all protons carry the same charge. The proton’s
charge has exactly the same magnitude as the electron’s, but with opposite sign. Given
that electrons and protons differ substantially in other properties—Ilike mass—this elec-
tric relation is remarkable. Exercise 11 shows how dramatically different our world
would be if there were even a slight difference between the magnitudes of the electron
and proton charges.

The magnitude of the electron or proton charge is the elementary charge e. Electric
charge is quantized; that is, it comes only in discrete amounts. In a famous experiment in
1909, the American physicist R. A. Millikan measured the charge on small oil drops and
found it was always a multiple of a basic value we now know as the elementary charge.

Elementary particle theories show that the fundamental charge is actually %e. Such
“fractional charges” reside on quarks, the building blocks of protons, neutrons, and many
other particles. Quarks always join to produce particles with integer multiples of the full
elementary charge, and it seems impossible to isolate individual quarks.

The ST unit of charge is the coulomb (C), named for the French physicist Charles
Augustin de Coulomb (1736-1806). From the late 19th century to the early 21st cen-
tury, the coulomb was defined in terms of electric current and time—a definition
that was difficult to implement in practice. The 2019 revision of the SI gave the cou-
lomb a much simpler definition. Now, the elementary charge is defined to be exactly
1.602176634 X 10 C. The coulomb is therefore the number of elementary charges
equal to the inverse of this number. For our purposes, that’s about 6.24 X 10'® elemen-
tary charges.

Charge Conservation

Electric charge is a conserved quantity, meaning that the net charge in a closed region
remains constant. Charged particles may be created or annihilated, but always in pairs of
equal and opposite charge. The net charge always remains the same.

(3 20.1 The proton is a composite particle composed of three quarks, all of which are

W cither up quarks (u; charge +%e) or down quarks (d; charge —%e). (More on quarks

8 in Chapter 39.) Which of these quark combinations is the proton? (a) udd; (b) uuu;
(c) uud; (d) ddd

20.2 Coulomb’s Law

LO 20.2 Use Coulomb’s law to calculate the forces between charges.

LO 20.3 Use the superposition principle to calculate forces involving multiple
charges.

Rub a balloon; it gets charged and sticks to your clothing. Charge another balloon, and the
two repel (Fig. 20.1). Socks cling to your clothes as they come from the dryer, and bits of
Styrofoam cling annoyingly to your hands. Walk across a carpet, and you’ll feel a shock
when you touch a doorknob. All these are common examples where you’re directly aware
of electric charge.

Electricity would be unimportant if the only significant electric interactions were these
obvious ones. In fact, the electric force dominates all interactions of everyday matter,
from the motion of a car to the movement of a muscle. It’s just that matter on a large scale
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FIGURE 20.1 Two balloons carrying similar
electric charges repel each other.
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A salt grain is

& electrically neutral . . .
== .,
()

... but the electric
force is responsible
for its cubical shape.

(b)

FIGURE 20.2 (a) A single salt grain is
electrically neutral, so the electric force
isn't obvious. (b) Actually, the electric
force determines the structure of salt.

Here the product

The unit vector 7 is positive
always points away from gq;. D925 P ’

S0 Fy, is in the

= _ kqigs . same direction
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4 753 ; : 7
@ 12
S
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4 7 @ .
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@ - - O—>

- 4 ---- Here the charges have

opposite signs, $0
()  g,9, < 0and Fy, points
opposite 7.

FIGURE 20.3 Quantities in Coulomb'’s law
for calculating the force F;, that g, exerts
on qs.

is almost perfectly neutral, meaning it carries zero net charge. Therefore, electric effects
aren’t obvious. But at the molecular level, the electric nature of matter is immediately
evident (Fig. 20.2).

Attraction and repulsion of electric charges imply a force. Joseph Priestley and Charles
Augustin de Coulomb investigated this force in the late 1700s. They found that the force
between two charges acts along the line joining them, with the magnitude proportional to
the product of the charges and inversely proportional to the square of the distance between
them. Coulomb’s law summarizes these results:

k is approximately

9.0 X 10°N-m*C>. ¢ and ¢, are two charges.

F,z is the force charge ¢,

exerts on charge g,. \ k/
= AUEIN
F p—

12 = A
ris the distance between 7 is a unit vector that points from ¢; toward
the two charges. g, regardless of the signs of the charges.

(Coulomb’s law) (20.1)

where 1—7)12 is the force charge g; exerts on ¢, and r is the distance between the charges.
In SI the proportionality constant k has the approximate value 9.0 X 10° N-m%C2
Force is a vector, and 7 is a unit vector that helps determine its direction. Figure 20.3
shows that 7 lies on a line passing through the two charges and points in the direction
from g, toward q,. Reverse the roles of ¢; and ¢,, and you’ll see that 1_7)21 has the same
magnitude as 1—7)12 but the opposite direction; thus Coulomb’s law obeys Newton’s third
law. Figure 20.3 also shows that the force is in the same direction as the unit vector
when the charges have the same sign, but opposite the unit vector when the charges
have different signs. Thus Coulomb’s law accounts for the fact that like charges repel
and opposites attract.

Coulomb’s Law

The key to using Coulomb’s law is to remember that force is a vector, and to realize that
Coulomb’s law in the form of Equation 20.1 gives both the magnitude and direction of the
electric force. Dealing carefully with vector directions is especially important in situations
with more than two charges.

INTERPRET First, make sure you’re dealing with the electric force alone. Identify the charge
or charges on which you want to calculate the force. Next, identify the charge or charges pro-
ducing the force. These comprise the source charge.

DEVELOP Begin with a drawing that shows the charges, as in Fig. 20.4. If you're given charge
coordinates, place the charges on the coordinate system; if not, choose a suitable coordinate
system. For each source charge, determine the unit vector(s) in Equation 20.1. If the charges
lie along or parallel to a coordinate axis, then the unit vector will be one of the unit vectors Z, 7,
or k, perhaps with a minus sign. In Fig. 20.4, the force on ¢; due to ¢, is such a case. When the
two charges don’t lie on a coordinate axis, like ¢; and ¢, in Fig. 20.4, you can find the unit vec-
tor by noting that the displacement vector 7, points in the desired direction, from the source
charge to the charge experiencing the force. Dividing 7}, by its own magnitude then gives the
unit vector in the direction of 7,; that is, 7 = 7,/ry,.

EVALUATE For each source charge, determine the electric force using Equation 20.1,
Fip =(kqiqo/r*)7

with 7 the unit vector you’ve just found.
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ASSESS As always, assess your answer to see that it makes sense. Is the direction of the force
you found consistent with the signs and placements of the charges giving rise to the force?

y (m)

x (m)

7 points away from
qy, 5o here 7 = 1.

FIGURE 20.4 Finding unit vectors.

20.2 Charge g, is located at x = 1 m, y = 0. What should you use for the unit vec-
tor 7 in Coulomb’s law if you’re calculating the force that ¢, exerts on a charge ¢,
located (1) at the origin and (2) at the point x = 0,y = 1 m? Explain why you can
answer without knowing the sign of either charge.

Finding the Force: Two Charges

A 1.0-pC charge is at x = 1.0cm, and a —1.5-uC charge is at %.={,O,«C - OL;=—{,5,<.<C
x = 3.0 cm. What force does the positive charge exert on the negative 2

L e @ & e —_— - x(cm)
one? How would the force change if the distance between the charges " o 3 "' i
tripled? E

INTERPRET Following our strategy, we identify the —1.5-uC charge The charges The unit vector

as the one on which we want to find the force and the 1-W.C charge as have opposite is in the direction
signs, SO q14> from g; to ¢»,

the source charge. is negative, and so here it’s 7.

F is opposite

DEVELOP We’re given the coordinates x; = 1.0 cmand x, = 3.0 cm. the direction of 7.

Our drawing, Fig. 20.5, shows both charges at their positions on the
x-axis. With the source charge ¢g; to the left, the unit vector in the di- FIGURE 20.5 Sketch for Example 20.1.
rection from ¢, toward ¢, is 7.
This force is for a separation of 2 cm; if that distance tripled, the force

EVALUATE Now we use Coulomb’s law to evaluate the force: would drop by a factor of 1/3%, to —3.87 N.
= ka2 5 ASSESS Make sense? Although the unit vector I points in the
7 +x-direction, the charges have opposite signs and that makes the force
(9.0 X 10°N-m%C2)(1.0 X 1075C)(—1.5 X 107°C) direction opposite the unit vector, as shown in Fig. 20.5. In simpler
= (0.020m)? 7 terms, we’ve got two opposite charges, so they attract. That means

the force exerted on a charge at x = 3 cm by an opposite charge at
—34IN x = 1 cm had better be in the —x-direction.
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CONCEPTUAL EXAMPLE 20.1 Gravity and the Electric Force

The electric force between elementary particles is far stronger than
the gravitational force, yet gravity is much more obvious in everyday
life. Why?

EVALUATE Gravity and the electric force obey similar inverse-square
laws, and the magnitude of the force is proportional to the product of
the masses or charges. There’s a big difference, though: There’s only
one kind of mass, and gravity is always attractive, so large concentra-
tions of mass—Iike a planet—result in strong gravitational forces. But
charge comes in two varieties, and opposites attract, so large accumu-
lations of matter tend to be electrically neutral, in which case large-
scale electrical interactions aren’t obvious.

ASSESS Ironically, it’s the very strength of the electric force that makes
it less obvious in everyday life. Opposite charges bind strongly, making
bulk matter electrically neutral and its electrical interactions subtle.

MAKING THE CONNECTION Compare the magnitudes of the elec-
tric and gravitational forces between an electron and a proton.

EVALUATE Equation 8.1 gives the gravitational force: F, = Gmgm, 2.
Equation 20.1 gives the electric force: | Fz| = ke?/r?, where we wrote
¢* because the electron and proton charges have the same magnitude.
We aren’t given the distance, but that doesn’t matter because both

forces have the same inverse-square dependence. The ratio of the force
magnitudes is huge: Fp/F, = keZ/Gmemp =23 X 10*!

Point Charges and the Superposition Principle

Coulomb’s law is strictly true only for point charges—charged objects of negligible size.
Electrons and protons can usually be treated as point charges; so, approximately, can any
two charged objects if their separation is large compared with their size. But often we’re
interested in the electric effects of charge distributions—arrangements of charge spread
over space. Charge distributions are present in molecules, memory cells in your computer,
your heart, and thunderclouds. We need to combine the effects of two or more charges to
find the electric effects of such charge distributions.
Ne) Figure 20.6 shows two charges ¢; and ¢, that constitute a simple charge distribution.
We want to know the net force these exert on a third charge ¢;. To find that net force, you
might calculate the forces F13 and F23 from Equation 20.1, and then vectorially add them.
And you’d be right: The force that g; exerts on g5 is unaffected by the presence of ¢,, and
vice versa, so you can apply Coulomb’s law separately to the pairs ¢;q3 and g,g; and then
combine the results. That may seem obvious, but nature needn’t have been so simple.

The fact that electric forces add vectorially is called the superposition principle. Our
confidence in this principle is ultimately based on experiments showing that electric and
indeed electromagnetic phenomena behave according to the principle. With superposition
we can solve relatively complicated problems by breaking them into simpler parts. If the
superposition principle didn’t hold, the mathematical description of electromagnetism
would be far more complicated.

Although the force that one point charge exerts on another decreases with the inverse
square of the distance between them, the same is not necessarily true of the force resulting
from a charge distribution. The next example provides a case in point.

EXAMPLE 20.2 Finding the ForFe: Rglqdrops
Worked Example with Variation Problems

Charged raindrops are ultimately responsible for lightning, producing
substantial electric charge within specific regions of a thundercloud.
Suppose two drops with equal charge g are on the x-axis at x = ta.
Find the electric force on a third drop with charge Q at an arbitrary
point on the y-axis.

“@ ’ =
g3 Fi;
FIGURE 20.6 The superposition principle

lets us add vectorially the forces from
two or more charges.

distance r in Coulomb’s law is the hypotenuse Va® + y It’s clear
from symmetry that the net force is in the y-direction, so we need to
find only the y-components of the unit vectors. The y-components are
clearly the same for each, and the drawing shows that they’re given by
A /2 2
ry=y/Va + y-.

INTERPRET Coulomb’s law and the superposition principle apply, EVALUATE From Coulomb’s law, the y-component of the force from

and we identify Q as the charge for which we want the force. The two cach g is F, = (kqQ/r>)7,, and the net force on Q becomes
charges ¢ are the source charges. ! '

: : . : . = kqQ y A 2kqQy
DEVELOP Figure 20.7 is our drawing, showing the charges, the in- F =2 3 = )1 = a5
dividual force vectors, and their sum. The drawing shows that the aty Va +y (a® +y7)



The factor of 2 comes from the two charges ¢, which contribute
equally to the net force.

ASSESS Make sense? Evaluating Fat y = 0 gives zero force. Here,
midway between the two charges, Q experiences equal but opposite
forces and the net force is zero. At large distances y => a, on the
other hand, we can neglect & compared with yz, and the force be-
comes F = k(2¢)Qj/y*. This is just what we would expect from a
single charge 2¢ a distance y from Q—showing that the system of two
charges acts like a single charge 2¢ at distances that are large com-
pared with the charge separation. In between our two extremes the
behavior of force with distance is more complicated; in fact, its mag-
nitude initially increases as Q moves away from the origin and then
begins to decrease.

In drawing Fig. 20.7, we tacitly assumed that g and Q have the
same signs. But our analysis holds even if they don’t; then the product
g0 is negative, and the forces actually point opposite the directions
shown in Fig. 20.7.

20.3 The Electric Field

LO 20.4 Describe the concept of electric field.
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FIGURE 20.7 The force on Q is the vector sum of the forces from

the individual charges.

In Chapter 8 we defined the gravitational field at a point as the gravitational force per unit
mass that an object at that point would experience. In that context, we can think of g as
the force per unit mass that any object would experience due to Earth’s gravity. So we can
picture the gravitational field as a set of vectors giving the magnitude and direction of the
gravitational force per unit mass at each point, as shown in Fig. 20.8a below.

Right at this point the gravitational field
is described by the vector g. That means
a mass m placed here would experience
a gravitational force mg.

R
LT

The gravitational field is
a continuous entity, so
there are field vectors
everywhere. We just
can’t draw them all.

(a)

FIGURE 20.8 (a) Gravitational and (b) electric fields, here represented as sets of vectors.

Right at this point the electric field is
described by the vector E;. That means
a point charge g placed here would
experience an electric force ¢E;.

R \ "/ l 7
\ / ’:':EZ
° %
Over here, farther frz)m
the charge producing
the field, a point charge
g would experience a

weaker force gE, in a
different direction.

Y

)

The electric field is a continuous entity, so
there are field vectors everywhere. We just
can’t draw them all.

(b)
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AppLIcATION | Electrophoresis

Electrophoresis is a widely used application of
electric fields for separating molecules by size
and molecular weight. It’s especially useful in
biochemistry and molecular biology for distin-
guishing larger molecules like proteins and DNA
fragments. In the commonly used gel electropho-
resis, molecules carrying electric charge move
through a semisolid but permeable gel under the
influence of a uniform electric field; the greater
the charge, the greater the electric force. The gel
exerts a retarding force that increases with increas-
ing molecular size, with the result that each molec-
ular species moves at a velocity that depends on
its size and charge. After a given time, the electric
field is switched off. The locations of the mole-
cules then serve as indicators of their size, with the
molecules that traveled farthest being the smallest.
The photo shows a typical gel electrophoresis re-
sult. Here DNA fragments were introduced into
the seven channels at the top of the gel and then
moved downward; their final locations indicate
molecular size. The smaller molecules—those
with fewer nucleotide base pairs—end up farther
down on the gel. The electric field is shown by
the arrow; it needs to point upward because DNA
fragments carry a negative charge.
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We can do the same thing with the electric force, defining the electric field as the force
per unit charge:

The electric field at any point is the force per unit charge that a charge would experi-
ence at that point. Mathematically,

E is the electric field /You can determine E by measuring the electric force F..

at any point.
4
- F
18

= — electric field (20.2a)
q

... on a small test charge g.

The electric field exists at every point in space. When we represent the field by vec-
tors, we can’t draw one everywhere, but that doesn’t mean there isn’t a field at all points.
Furthermore, we draw vectors as extended arrows, but each vector represents the field
at only one point—namely, the tail end of the vector. Figure 20.85 illustrates this for the
electric field of a point charge.

The field concept leads to a shift in our thinking about forces. Instead of the action-
at-a-distance idea that Earth reaches across empty space to pull on the Moon, the field
concept says that Earth creates a gravitational field and the Moon responds to the field at
its location. Similarly, a charge creates an electric field throughout the space surrounding
it. A second charge then responds to the field at its immediate location. Although the field
reveals itself only through its effect on a charge, the field nevertheless exists at all points,
whether or not charges are present. Right now you probably find the field concept a bit
abstract, but as you advance in your study of electromagnetism you’ll come to appreciate
that fields are an essential feature of our universe, every bit as real as matter itself.

We can use Equation 20.2a as a prescription for measuring electric fields. Place a point
charge at some location, measure the electric force it experiences, and divide by the charge to
get the field. In practice, we need to be careful because the field generally arises from some
distribution of source charges. If the charge we’re using to probe the field—the test charge—
is large, the field it creates may disturb the source charges, altering their configuration and
thus the field they create. For that reason, it’s important to use a very small test charge.

If we know the electric field E at a point, we can rearrange Equation 20.2a to find the
force on any point charge ¢ placed at that point:

F is the electric force ... ...onachargegq ...

—

F = g¢E (electric force and field) (20.2b)

... at a point where the electric field is E.

If the charge ¢ is positive, then this force is in the same direction as the field, but if g is
negative, then the force is opposite to the field direction.

Equations 20.2 show that the units of electric field are newtons per coulomb. Fields of
hundreds to thousands of N/C are commonplace, while fields of 3 MN/C will tear elec-
trons from air molecules. Sometimes we’re interested in the magnitude of the field but not
its direction. Then we can use Equations 20.2a and 20.2b without the vector signs. We’ll
often use the term field strength to be synonymous with the field’s magnitude.

Force and Field: Inside a Lightning Storm

A charged raindrop carrying 10 wC experiences an electric force of
0.30 N in the +x-direction. What’s the electric field at its location?

the charged raindrop present, and the electric force arises when the
charged raindrop is in the electric field.

What would the force be on a —5.0-.C drop at the same point?

INTERPRET In this problem we need to distinguish between elec-
tric force and electric field. The electric field exists with or without

DEVELOP Knowing the electric force and the charge on the
raindrop, we can use Equation 20.2a, E = F/q, to get the elec-
tric field. Once we know the field, we can use Equation 20.2b,



F = qf , to calculate the force that would act if a different charge
were at the same point.

EVALUATE Equation 20.2a gives the electric field:

7 F_ 030iN
g 10pC

= 307 kN/C

Acting on a —5.0-.C charge, this field would result in a force

-

F = gE = (=50 nC)(307kN/C) = —0.157 N

The Field of a Point Charge
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ASSESS Make sense? The force on the second charge is opposite the
direction of the field because now we’ve got a negative charge in the
same field.

THE FIELD IS INDEPENDENT OF THE TEST CHARGE Does

@ the electric field in this example point in the —x-direction
when the charge is negative? No. The field is independent of
the particular charge experiencing that field. Here the electric
field points in the +x-direction no matter what charge you
put in the field. For a positive charge, the force gE points in
the same direction as the field; for a negative charge, g < 0,
the force is opposite the field.

Once we know the field of a charge distribution, we can calculate its effect on other I

charges. The simplest charge distribution is a single point charge. Coulomb’s law gives
the force on a test charge ¢, located a distance r from a point charge ¢: F = (kqqies/7*)7,
where 7 is a unit vector pointing away from g. The electric field arising from g is the force

per unit charge, or

The electric field E is the force per unit charge.

,_A__)\

= _ F kgl : :

E = -~ =7 (field of a point charge)
test r

I

... and on the distance r from the
charge to the point where the
field is being evaluated. sign.

For a point charge, E depends on the charge g ...

<
H\\\‘ —
SIS

FIGURE 20.9 Field vectors for a negative
point charge.

(20.3)

The unit vector 7 always points
away from g, regardless of ¢’s

Since it’s so closely related to Coulomb’s law for the electric force, we also refer to
Equation 20.3 as Coulomb’s law. The equation contains no reference to the test charge
Giest because the field of ¢ exists independently of any other charge. Since 7 always points
away from g, the direction of Eis radially outward if ¢ is positive and radially inward if ¢
is negative. Figure 20.9 shows some field vectors for a negative point charge, analogous to

those of the positive point charge in Fig. 20.8b.

20.3 A positive point charge is located at the origin of an x—y coordinate system,
and an electron is placed at a location where the electric field due to the point charge
is given by E = Ey(7 + 7), where E, is positive. Is the direction of the force on
the electron (a) toward the origin, (b) away from the origin, (c) parallel to the x-axis,

or (d) impossible to determine without knowing the coordinates of the electron’s

position?

20.4 Fields of Charge Distributions

LO 20.5 Determine the fields of electric charge distributions using superposition.

LO 20.6 Describe the electric dipole and the field it produces.

LO 20.7 Determine the fields of continuous charge distributions by integration.

Since the electric force obeys the superposition principle, so does the electric field. That
means the field of a charge distribution is the vector sum of the fields of the individual

point charges making up the distribution:
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The electric field E of a
distribution of point

... is the sum of the fields of the individual point charges.

charges...
S = — — ’_/j kql A
E=E+E+E+-=>E=>—7F (20.4)
i i N

Here the F?,»’s are the fields of the point charges g; located at distances r; from the point
where we’re evaluating the field—called, appropriately, the field point. The 7;’s are unit
vectors pointing from each point charge toward the field point. In principle, Equation 20.4
gives the electric field of any charge distribution. In practice, the process of summing the
individual field vectors is often complicated unless the charge distribution contains rela-
tively few charges arranged in a symmetric way.

Finding electric fields using Equation 20.4 involves the same strategy we intro-
duced for finding the electric force; the only difference is that there’s no charge to
experience the force. The first step then involves identifying the field point. We still
need to find the appropriate unit vectors and form the vector sum in Equation 20.4.
Example 20.4 shows how this is done.

Sometimes we’re interested in finding not the electric field but a point or points where
the field is zero. Conceptual Example 20.2 explores such a case.

1S CNIZRPL S Finding the Field: Two Protons

Two protons are 3.6 nm apart. Find the electric field at a point be-
tween them, 1.2 nm from one of the protons. Then find the force on an
electron at this point.

Unit vectors point from the source
charges foward the field point P.

ey

INTERPRET We follow our electric-force strategy, except that instead P.r' P 2.l im H@

of identifying the charge experiencing the force, we identify the field
point as being 1.2 nm from one proton. The source charges are the two
protons; they produce the field we’re interested in.

‘e(.& nm%&l—\ nmﬂ

FIGURE 20.10 Finding the electric field at P.
DEVELOP Let’s have the protons define the x-axis, as drawn in
Fig. 20.10. Then the unit vector 7; from the left-hand proton toward
the field point (which we’ve marked P) is +1, while 7, from the right-
hand proton toward P is —1.

Using e = 1.6 X 107 C, rn = 1.2nm, and »» = 2.4nm gives
E = 7507 MN/C. An electron at P will therefore experience a force
F = gE = —¢E = —0.127 nN.

ASSESS Make sense? The field points in the positive x-direction, re-
flecting the fact that P is closer to the left-hand proton with its stron-
ger field at P. The force on the electron, on the other hand, is in the
—x-direction; that’s because the electron is negative (we used ¢ = —e
for its charge), so the force it experiences is opposite the field. That
field of almost 1 GN/C sounds huge—but that’s not unusual at the mi-
croscopic scale, where we’re close to individual elementary particles.

EVALUATE We now evaluate the field at P using Equation 20.4:

}’12 r22 r|2 }’22

- = = ke, ke, | I 1),
E=E1+E2=£l+£(—l)=ke( *)l

We wrote e for g here because the protons’ charge is the elementary
charge.

(€0l \[dIJNVNRD NN PIWE Zero Field, Zero Force

A positive charge +20 is located at the origin, and a negative charge EVALUATE Consider what would happen to a positive test charge

—Q is at x = a. In which region of the x-axis is there a point where
the force on a test charge—and therefore the electric field—is zero?

INTERPRET We’re asked to locate qualitatively a point where the
field is zero. Our sketch of the situation, Fig. 20.11, shows that the
two charges divide the x-axis into three regions: (1) to the left of
20 (x < 0), (2) between the charges (0 < x < a), and (3) to the right
of =0 (x > a). We need to determine which region could include a
point where the electric force on a test charge is zero.

placed in each of these three regions. Anywhere in region (1), the test
charge is closer to the charge with greater magnitude (2Q). That charge
dominates throughout region (1), where our test charge would experi-
ence a repulsive force (to the left). The electric field, then, can’t be zero
in region (1). Between the two charges, the repulsive force from 20
on a positive test charge points to the right; so does the attractive force
from —Q. The field, therefore, can’t be zero in region (2). That leaves
region (3). Could the field be zero here? Put a positive test charge very
close to —Q, and it experiences an attractive force toward the left. But
far away, the distance between 20 and —Q becomes negligible. The



fields of both charges drop off as the inverse square of the distance,
so at large distances the field of the stronger charge will dominate.
Therefore there is a point somewhere to the right of —Q where the
force on a test charge, and therefore the electric field, will be zero.

ASSESS This answer is consistent with our insight from Example
20.2 that when we get far from a charge distribution, it begins to re-
semble a point charge with the net charge of the distribution. Here that
net charge is 20 — Q = +0, so at large distances we should indeed
have a field pointing away from the charge distribution—and that’s to
the right in region (3). Although we considered a positive test charge,
you’ll reach the same conclusion with a negative test charge.

AR -Q
—®—© 4
| \ x =340
Xx=0 X=a

FIGURE 20.11 Where is the electric
field zero? We've marked the an-
swer, at x = 3.4a.

The Electric Dipole

One of the most important charge distributions is the electric dipole, consisting of two
point charges of equal magnitude but opposite sign. Many molecules are essentially di-
poles, so understanding the dipole helps explain molecular behavior (Fig. 20.12). During
contraction the heart muscle becomes essentially a dipole, and physicians performing
electrocardiography are measuring, among other things, the strength and orientation of
that dipole. Antennas used in wireless communications—including radio, TV, wifi, and

cellphones—are often based on the dipole configuration.

EXAMPLE 20.5

A molecule may be modeled approximately as a positive charge ¢ at
x = a and a negative charge —¢g at x = —a. Evaluate the electric field
on the y-axis, and find an approximate expression valid at large dis-
tances (|y| > a).

INTERPRET Here’s another example where we’ll use our strategy in
applying Equation 20.4 to calculate the field of a charge distribution.
We identify the field point as being anywhere on the y-axis and the
source charges as being =+ g.

DEVELOP Figure 20.13 is our drawing. The individual unit vectors
point from the two charges toward the field point, but the negative
charge contributes a field opposite its unit vector; we’ve indicated
the individual fields in Fig. 20.13. Here symmetry makes the y-
components cancel, giving a net field in the —x-direction. So we
need only the x-components of the unit vectors, which Fig. 20.13
shows are 7, = a/r for the negative charge at —a and r,, = —alr
for the positive charge at a.

EVALUATE We then evaluate the field using Equation 20.4:

= (2‘1)(3)2_._7‘21(_&)?:_%?
r r r r (a +y°)
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MAKING THE CONNECTION Find an expression for the position
where the electric field in this example is zero.

EVALUATE In Fig. 20.11, we’ve taken the origin at 20, so at any po-
sition x in region (3) we’re a distance x from 2Q and a distance x—a
from —Q. Since we're to the right of both charges, the unit vector in
Equation 20.3 for the point-charge field—a vector that always points
away from the point charge—becomes +7 for both charges. Applying
Equation 20.3, E = (kg/r®)7, for the fields of the two charges and
summing gives

_K20).  K-0)

E
X (x — a)?

If we set this expression to zero, we can cancel k, Q, and 7; invert-
ing both sides of the remaining equation gives x%/2 = (x — a)%
Finally, taking the square root and solving for x gives the answer:
x = a\/i/(\/i — 1) = 3.4a. As a check, note that this point does
indeed lie to the right of x = a. We’ve marked this point in Fig. 20.11.

5% - |

FIGURE 20.12 A water molecule behaves
like an electric dipole. Its net charge is
zero, but regions of positive and nega-
tive charge are separated.

The Electric Dipole: Modeling a Molecule
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= Here’s the
E+ field point.
= g
E p &
- \
N
+a is the Xx- .., i E_/ S
component of , ' .
the displacement g NG ]
G S N
r_ from —q to the s ’ .
field point . . . /;.‘\ '
g il
- DL

... so the x-component of
the unit vector from —g
isre. =ajr...

... and the x-component
of the displacement from
+qis—a, so .. = —ajr.

FIGURE 20.13 Finding the field of an electric dipole.

where in the last step we used r = Va?> + y2. For |y| => a we can
neglect a® compared with y?, giving

— 2kga
E ="
|yl

(ly] > a)

(continued)
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ASSESS Make sense? The dipole has no net charge, so at large distances APPROXIMATIONS Making approximations requires care.
its field can’t have the inverse-square drop-off of a point-charge field. @ Here we're basically asking for the field when y is so large

. . 3 that a is negligible compared with y. So we neglect a?
Instead the dipole field falls faster, here as 1/|y|°. Note that we were b compared with y2 when the two are summed, but we don’t

careful to put absolute value signs on y*; that way, our result applies neglect a when it appears in the numerator, where it isn’t
for both positive and negative values of y. being directly compared with y.

Example 20.5 shows that the dipole field at large distances decreases as the inverse cube
of distance. Physically, that’s because the dipole has zero net charge. Its field arises entirely
from the slight separation of two opposite charges. Because of this separation, the dipole
field isn’t exactly zero, but it’s weaker and more localized than the field of a point charge.
Many complicated charge distributions exhibit the essential characteristic of a dipole—that
is, they’re neutral but consist of separated regions of positive and negative charge—and at
large distances, such distributions all have essentially the same field configuration.

At large distances the dipole’s physical characteristics g and a enter the equation for
the electric field only through the product ga. We could double ¢ and halve a, and the di-
pole’s electric field would remain unchanged. At large distances, therefore, a dipole’s elec-
tric properties are characterized completely by its electric dipole moment p, defined as the
product of the charge ¢ and the separation d between the two charges making up the dipole:

p = gd (dipole moment) (20.5)

In Example 20.5 the charge separation was d = 2a, so there the dipole moment was
p = 2agq. In terms of the dipole moment, the field in Example 20.5 can then be written

- kp i i >>
P _ P dipole field for |y] > a, (20.62)
lyv|? on perpendicular bisector
You can show in Problem 54 that the field on the dipole axis is given by
= _ 2kp | dipole field
T x]? ! (for |x| >> a, on axis (20.6b)

d 5 Because the dipole isn’t spherically symmetric, its field depends not only on distance
but also on orientation; for instance, Equations 20.6 show that the field along the dipole

! axis at a given distance is twice as strong as along the bisector. So it’s important to know
FIGURE 20.14 The dipole moment vector the orientation of a dipole in space, and therefore we generalize our definition of the di-
P has magnitude p = gd and points pole moment to make it a vector of magnitude p = ¢d in the direction from the negative
from the negative toward the positive toward the positive charge (Fig. 20.14).

charge.

20.4 Far from a charge distribution, you measure an electric field strength of
800 N/C. What will the field strength be if you double your distance from the charge
distribution, if the distribution consists of (1) a point charge or (2) a dipole?

GOT IT?

Continuous Charge Distributions

Although any charge distribution ultimately consists of pointlike electrons and protons, it
would be impossible to sum all the field vectors from the 10%* or so particles in a typical
piece of matter. Instead, it’s convenient to make the approximation that charge is spread
continuously over the distribution. If the charge distribution extends throughout a volume,
we describe it in terms of the volume charge density p, with units of C/m>. For charge
distributions spread over surfaces or lines, the corresponding quantities are the surface
charge density o (C/m?) and the line charge density A (C/m).





