FUNDAMENTALS Of >2> All New WileyPLUS Content

P H YS I c S Halliday & Resnick

J E ARL WAI_KE R Previously sold as the 10th Edition




FUNDAMENTALS OF PHYSICS



This page intentionally left blank



EEEEEEEE

Halliday & Resnick

PHYSICS

JEARL WALKER
CLEVELAND STATE UNIVERSITY

WILEY



VICE PRESIDENT Petra Recter

EXECUTIVE EDITOR Jessica Fiorillo

PROJECT MANAGER Jennifer Yee

PRODUCT DESIGN MANAGER Geraldine Osnato
MARKETING MANAGER, PHYSICS Kristy Ruff
ASSOCIATE DEVELOPMENT EDITOR Mallory Fryc
EDITORIAL ASSISTANT Ayantika Chaterjee
DEVELOPMENT ASSISTANT Alden Farrar
MARKETING ASSISTANT Maggie Joest

SENIOR CONTENT MANAGER Lana Barskaya
MEDIA SPECIALIST Patricia Gutierrez

SENIOR PHOTO EDITOR Mary Ann Price
COPYEDITOR Helen Walden

PROOFREADER Donna Mulder

ART DIRECTOR/COVER DESIGNER Jon Boylan

COVER IMAGE © EricJ. Heller

This book was set in 10/12 Times Ten LT Std by codeMantra, CSR Sofia Buono, and was
printed and bound by Quad Graphics. The cover was printed by Quad Graphics.

This book is printed on acid free paper.

Copyright © 2018, 2014, 2011, 2008, 2005 John Wiley & Sons, Inc. All rights reserved.

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any
form or by any means, electronic, mechanical, photocopying, recording, scanning or otherwise,
except as permitted under Sections 107 or 108 of the 1976 United States Copyright Act, without
either the prior written permission of the Publisher, or authorization through payment of the
appropriate per-copy fee to the Copyright Clearance Center, Inc. 222 Rosewood Drive,

Danvers, MA 01923, website www.copyright.com. Requests to the Publisher for permission should
be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken,
NJ 07030-5774, (201)748-6011, fax (201)748-6008, or online at http://www.wiley.com/go/permissions.

Evaluation copies are provided to qualified academics and professionals for review purposes only,
for use in their courses during the next academic year. These copies are licensed and may not be
sold or transferred to a third party. Upon completion of the review period, please return the evalu-
ation copy to Wiley. Return instructions and a free of charge return shipping label are available at
www.wiley.com/go/returnlabel. Outside of the United States, please contact your local representative.

Extended Edition: 978-1-119-46013-8
Regular Version: 978-1-119-28624-0
Volume 1: 978-1-119-46015-2
Volume 2: 978-1-119-46014-5

The inside back cover will contain printing identification and country of origin if omitted from this page.
In addition, if the ISBN on the back cover differs from the ISBN on this page, the one on the back
cover is correct.

Printed in the United States of America
10987654321


http://www.copyright.com
http://www.wiley.com/go/permissions
http://www.wiley.com/go/returnlabel

B RI1 E F C ONTENTS

Y>>0 LUMEH1

1 Measurement

2 Motion Along a Straight Line

3 Vectors

4 Motion in Two and Three Dimensions

5 Force and Motion—I

6 Force and Motion—II

7 Kinetic Energy and Work

8 Potential Energy and Conservation of Energy
9 Center of Mass and Linear Momentum

10 Rotation

11 Rolling, Torque, and Angular Momentum
12 Equilibrium and Elasticity

13 Gravitation

14 Fluids

15 Oscillations

16 Waves—I|

17 Waves—II

18 Temperature, Heat, and the First Law of
Thermodynamics

19 The Kinetic Theory of Gases

20 Entropy and the Second Law of
Thermodynamics

Y>>0 LUME?2

21 Coulomb’s Law

22 Electric Fields

23 Gauss’ Law

24 Electric Potential

25 Capacitance

26 Current and Resistance
27 Circuits

28 Magnetic Fields

29 Magnetic Fields Due to Currents
30 Induction and Inductance

31 Electromagnetic Oscillations and Alternating
Current

32 Maxwell’s Equations; Magnetism of Matter
33 Electromagnetic Waves

34 Images

35 Interference

36 Diffraction

37 Relativity

38 Photons and Matter Waves

39 More About Matter Waves

40 All About Atoms

41 Conduction of Electricity in Solids
42 Nuclear Physics

43 Energy from the Nucleus

44 Quarks, Leptons, and the Big Bang

Appendices / Answers to Checkpoints and Odd-Numbered Questions and Problems / Index



f=Measurement 1

1-1 MEASURING THINGS, INCLUDING LENGTHS 1
What Is Physics? 1

Measuring Things 1

The International System of Units 2

Changing Units 3

Length 3

Significant Figures and Decimal Places 4

1-2 TIME s
Time 5
1-3 MASS 6
Mass 6

REVIEW & SUMMARY 8 PROBLEMS s

2-Motion Along a Straight Line 13

2-1 POSITION, DISPLACEMENT, AND AVERAGE VELOCITY 13

What Is Physics? 13

Motion 14

Position and Displacement 14

Average Velocity and Average Speed 15

2-2 INSTANTANEOUS VELOCITY AND SPEED 18
Instantaneous Velocity and Speed 18

2-3 ACCELERATION =20
Acceleration 20

2-4 CONSTANT ACCELERATION 23
Constant Acceleration: A Special Case 23
Another Look at Constant Acceleration 26

2-5 FREE-FALL ACCELERATION 27
Free-Fall Acceleration 27

2-6 GRAPHICAL INTEGRATION IN MOTION ANALYSIS =29
Graphical Integration in Motion Analysis 29

REVIEW & SUMMARY 30 QUESTIONS 31 PROBLEMS 32

&Vectors 40

3-1 VECTORS AND THEIR COMPONENTS 40
What Is Physics? 40

Vectors and Scalars 40

Adding Vectors Geometrically 41

Components of Vectors 42

3-2 UNIT VECTORS, ADDING VECTORS BY COMPONENTS 46

Unit Vectors 46

vi

Adding Vectors by Components 46
Vectors and the Laws of Physics 47

3-3 MULTIPLYING VECTORS so0
Multiplying Vectors 50

REVIEW & SUMMARY ss QUESTIONS se PROBLEMS s7

4-Motion in Two and Three Dimensions e2

4-1 POSITION AND DISPLACEMENT 62
What Is Physics? 62
Position and Displacement 63

4-2 AVERAGE VELOCITY AND INSTANTANEOUS VELOCITY
Average Velocity and Instantaneous Velocity 65

4-3 AVERAGE ACCELERATION AND INSTANTANEOUS
ACCELERATION 67
Average Acceleration and Instantaneous Acceleration 68

4-4 PROJECTILE MOTION 70
Projectile Motion 70

4-5 UNIFORM CIRCULAR MOTION 76
Uniform Circular Motion 7e

4-6 RELATIVE MOTION IN ONE DIMENSION 7zs
Relative Motion in One Dimension 7s

4-7 RELATIVE MOTION IN TWO DIMENSIONS so
Relative Motion in Two Dimensions so

REVIEW & SUMMARY &1 QUESTIONS 82 PROBLEMS sa

5-kKorce and Motion—I o4

5-1 NEWTON’S FIRST AND SECOND LAWS o4
What Is Physics? o4

Newtonian Mechanics 95

Newton’s First Law 95

Force 96

Mass 97

Newton’s Second Law o8

5-2 SOME PARTICULAR FORCES 102
Some Particular Forces 102

5-3 APPLYING NEWTON’S LAWS 106
Newton’s Third Law 106
Applying Newton’s Laws 108

REVIEW & SUMMARY 114 QUESTIONS 114 PROBLEMS 11e

64



CONTENTS vii

é-korce and Motion—Il 124 8-4 WORK DONE ON A SYSTEM BY AN EXTERNAL FORCE 191
6-1 FRICTION 124 Work Done on a System by an External Force 192

What Is Physics? 124
Friction 124

Properties of Friction 127

8-5 CONSERVATION OF ENERGY 195

Conservation of Energy 195

REVIEW & SUMMARY 199 QUESTIONS 200 PROBLEMS 202
6-2 THE DRAG FORCE AND TERMINAL SPEED 130

The Drag Force and Terminal Speed 130 .
9-(enter of Mass and Linear Momentum 214

6-3 UNIFORM CIRCULAR MOTION 133 9-1 CENTER OF MASS 214
Uniform Circular Motion 133 What Is Physics? 214
REVIEW & SUMMARY 138 QUESTIONS 139 PROBLEMS 140 The Center of Mass 215

9-2 NEWTON’S SECOND LAW FOR A SYSTEM OF
Z-Kinetic Energy and Work 149 PARTICLES 220
7-1 KINETIC ENERGY 149 Newton’s Second Law for a System of Particles 220
WhatIs Physics? 149 9-3 LINEAR MOMENTUM 224

What Is Energy? 149
Kinetic Energy 150

Linear Momentum 224
The Linear Momentum of a System of Particles 225

7-2 WORK AND KINETIC ENERGY 151 9-4 COLLISION AND IMPULSE 226
Work 151
Work and Kinetic Energy 152

Collision and Impulse 226

9-5 CONSERVATION OF LINEAR MOMENTUM 230

7-3 WORK DONE BY THE GRAVITATIONAL FORCE 155 Conservation of Linear Momentum 230

Work Done by the Gravitational Force 1s6
9-6 MOMENTUM AND KINETIC ENERGY IN

7-4 WORK DONE BY A SPRING FORCE 159 COLLISIONS 233
Work Done by a Spring Force 159 Momentum and Kinetic Energy in Collisions 233
7-5 WORK DONE BY A GENERAL VARIABLE FORCE 162 inelastic Collisions n One Dimension - 224

Work Done by a General Variable Force 162 9-7 ELASTIC COLLISIONS IN ONE DIMENSION 237

7-6 POWER 166 Elastic Collisions in One Dimension 237

Power 166 9-8 COLLISIONS IN TWO DIMENSIONS 240
REVIEW & SUMMARY 168 QUESTIONS 1es PROBLEMS 170 Collisions in Two Dimensions 240
9-9 SYSTEMS WITH VARYING MASS: A ROCKET 241
g-hotential Energy and Conservation of Systems with Varying Mass: A Rocket 241
Energy 177 REVIEW & SUMMARY 243 QUESTIONS 245 PROBLEMS 246

8-1 POTENTIAL ENERGY 177
What Is Physics? 177

Work and Potential Energy 178 10 Rotation 257

Path Independence of Conservative Forces 179 10-1 ROTATIONAL VARIABLES 257
Determining Potential Energy Values 181 What Is Physics? 258

Rotational Variables 259
8-2 CONSERVATION OF MECHANICAL ENERGY 184 Are Angular Quantities Vectors? 264

Conservation of Mechanical Energy 184
10-2 ROTATION WITH CONSTANT ANGULAR

8-3 READING A POTENTIAL ENERGY CURVE 187 ACCELERATION 266
Reading a Potential Energy Curve 187 Rotation with Constant Angular Acceleration 2ee



viii CONTENTS

10-3 RELATING THE LINEAR AND ANGULAR
VARIABLES 268
Relating the Linear and Angular Variables 268

10-4 KINETIC ENERGY OF ROTATION 271
Kinetic Energy of Rotation 271

10-5 CALCULATING THE ROTATIONAL INERTIA 273
Calculating the Rotational Inertia 273

10-6 TORQUE 277
Torque =278

10-7 NEWTON’S SECOND LAW FOR ROTATION 279
Newton’s Second Law for Rotation 279

10-8 WORK AND ROTATIONAL KINETIC ENERGY 282
Work and Rotational Kinetic Energy 282

REVIEW & SUMMARY 285 QUESTIONS 286 PROBLEMS 287

11)Rolling, Torque, and Angular Momentum 295

11-1 ROLLING AS TRANSLATION AND ROTATION
COMBINED 295

What Is Physics? 295

Rolling as Translation and Rotation Combined 295

11-2 FORCES AND KINETIC ENERGY OF ROLLING 298
The Kinetic Energy of Rolling 298
The Forces of Rolling 299

11-3 THEYO-YO 301
The Yo-Yo 302

11-4 TORQUE REVISITED 302
Torque Revisited 303

11-5 ANGULAR MOMENTUM 305
Angular Momentum 305

11-6 NEWTON’S SECOND LAW IN ANGULAR FORM 307
Newton’s Second Law in Angular Form 307

11-7 ANGULAR MOMENTUM OF A RIGID BODY 310
The Angular Momentum of a System of Particles 310

The Angular Momentum of a Rigid Body Rotating About
a Fixed Axis 311

11-8 CONSERVATION OF ANGULAR MOMENTUM 312
Conservation of Angular Momentum 312

11-9 PRECESSION OF A GYROSCOPE 317
Precession of a Gyroscope 317

REVIEW & SUMMARY 318 QUESTIONS 319 PROBLEMS 320

$2) Equilibrium and Elasticity 327
12-1 EQUILIBRIUM 327

What Is Physics? 327

Equilibrium 327

The Requirements of Equilibrium 329

The Center of Gravity 330

12-2 SOME EXAMPLES OF STATIC EQUILIBRIUM 332
Some Examples of Static Equilibrium 332

12-3 ELASTICITY 338
Indeterminate Structures 33s
Elasticity 339

REVIEW & SUMMARY 343 QUESTIONS 343 PROBLEMS 345

13 (Gravitation 3sa

13-1 NEWTON’S LAW OF GRAVITATION 354
What Is Physics? 354

Newton’s Law of Gravitation 355

13-2 GRAVITATION AND THE PRINCIPLE OF
SUPERPOSITION 357
Gravitation and the Principle of Superposition 357

13-3 GRAVITATION NEAR EARTH’S SURFACE 359
Gravitation Near Earth’s Surface 360

13-4 GRAVITATION INSIDE EARTH 362
Gravitation Inside Earth se3

13-5 GRAVITATIONAL POTENTIAL ENERGY 364
Gravitational Potential Energy 364

13-6 PLANETS AND SATELLITES: KEPLER’S LAWS 368
Planets and Satellites: Kepler's Laws 369

13-7 SATELLITES: ORBITS AND ENERGY 371
Satellites: Orbits and Energy 371

13-8 EINSTEIN AND GRAVITATION 374
Einstein and Gravitation 374

REVIEW & SUMMARY 376 QUESTIONS 377 PROBLEMS 378

14 Fluids 3se

14-1 FLUIDS, DENSITY, AND PRESSURE 386
What Is Physics? 386

What Is a Fluid? 3se

Density and Pressure 387

14-2 FLUIDS AT REST 3ss
Fluids at Rest 389



14-3 MEASURING PRESSURE 392
Measuring Pressure 392

14-4 PASCALS PRINCIPLE 393
Pascal’s Principle 393

14-5 ARCHIMEDES’ PRINCIPLE 394
Archimedes’ Principle 395

14-6 THE EQUATION OF CONTINUITY 398
Ideal Fluids in Motion 398
The Equation of Continuity 399

14-7 BERNOULLI'S EQUATION 401
Bernoulli’s Equation 401

REVIEW & SUMMARY 405 QUESTIONS 405 PROBLEMS a40e

15)0scillations 413

15-1 SIMPLE HARMONIC MOTION 413
What Is Physics? 414

Simple Harmonic Motion 414

The Force Law for Simple Harmonic Motion 419

15-2 ENERGY IN SIMPLE HARMONIC MOTION 421
Energy in Simple Harmonic Motion 421

15-3 AN ANGULAR SIMPLE HARMONIC OSCILLATOR 423
An Angular Simple Harmonic Oscillator 423

15-4 PENDULUMS, CIRCULAR MOTION 424
Pendulums 425
Simple Harmonic Motion and Uniform Circular Motion 428

15-5 DAMPED SIMPLE HARMONIC MOTION 430
Damped Simple Harmonic Motion 430

15-6 FORCED OSCILLATIONS AND RESONANCE 432
Forced Oscillations and Resonance 432

REVIEW & SUMMARY 434 QUESTIONS 434 PROBLEMS a43e

16 Waves—| a4aa

16-1 TRANSVERSE WAVES 444
What Is Physics? 445

Types of Waves 445

Transverse and Longitudinal Waves 44s
Wavelength and Frequency 446

The Speed of a Traveling Wave 449

16-2 WAVE SPEED ON A STRETCHED STRING 452
Wave Speed on a Stretched String 452

CONTENTS ix

16-3 ENERGY AND POWER OF A WAVE TRAVELING ALONG
A STRING 454
Energy and Power of a Wave Traveling Along a String 454

16-4 THE WAVE EQUATION 456
The Wave Equation 456

16-5 INTERFERENCE OF WAVES 458
The Principle of Superposition for Waves 4ss
Interference of Waves 459

16-6 PHASORS 462
Phasors 462

16-7 STANDING WAVES AND RESONANCE 465
Standing Waves 465
Standing Waves and Resonance 467

REVIEW & SUMMARY 470 QUESTIONS 471 PROBLEMS 472

12)Waves—Il a79

17-1 SPEED OF SOUND 479
What Is Physics? 479

Sound Waves 479

The Speed of Sound 480

17-2 TRAVELING SOUND WAVES 482
Traveling Sound Waves 482

17-3 INTERFERENCE ass
Interference 485

17-4 INTENSITY AND SOUND LEVEL 4ss
Intensity and Sound Level 489

17-5 SOURCES OF MUSICAL SOUND 492
Sources of Musical Sound 493

17-6 BEATS 496
Beats 497

17-7 THE DOPPLER EFFECT 498
The Doppler Effect 499

17-8 SUPERSONIC SPEEDS, SHOCK WAVES 503
Supersonic Speeds, Shock Waves 503

REVIEW & SUMMARY so0a QUESTIONS sos PROBLEMS soe

18) Temperature, Heat, and the First Law of
Thermodynamics s1a

18-1 TEMPERATURE 514

What Is Physics? 514

Temperature 515



X CONTENTS

The Zeroth Law of Thermodynamics 515
Measuring Temperature s1e

18-2 THE CELSIUS AND FAHRENHEIT SCALES 518
The Celsius and Fahrenheit Scales 518

18-3 THERMAL EXPANSION 520
Thermal Expansion 520

18-4 ABSORPTION OF HEAT 522
Temperature and Heat 523
The Absorption of Heat by Solids and Liquids 524

18-5 THE FIRST LAW OF THERMODYNAMICS 528
A Closer Look at Heat and Work 528
The First Law of Thermodynamics 531

Some Special Cases of the First Law of
Thermodynamics 532

18-6 HEAT TRANSFER MECHANISMS s34
Heat Transfer Mechanisms 534

REVIEW & SUMMARY s38 QUESTIONS s40 PROBLEMS 541

19)The Kinetic Theory of Gases sa9
19-1 AVOGADRO’S NUMBER 549

What Is Physics? 549

Avogadro’s Number ss0

19-2 IDEAL GASES 550
Ideal Gases 551

19-3 PRESSURE, TEMPERATURE, AND
RMS SPEED 554
Pressure, Temperature, and RMS Speed 554

19-4 TRANSLATIONAL KINETIC ENERGY 557
Translational Kinetic Energy 557

19-5 MEAN FREE PATH sss8
Mean Free Path 558

19-6 THE DISTRIBUTION OF MOLECULAR SPEEDS se0
The Distribution of Molecular Speeds 561

19-7 THE MOLAR SPECIFIC HEATS OF
AN IDEAL GAS 564
The Molar Specific Heats of an Ideal Gas 564

19-8 DEGREES OF FREEDOM AND MOLAR
SPECIFIC HEATS 568

Degrees of Freedom and Molar Specific Heats ses

A Hint of Quantum Theory 570

19-9 THE ADIABATIC EXPANSION OF AN IDEAL GAS 571
The Adiabatic Expansion of an Ideal Gas 571

REVIEW & SUMMARY s7s  QUESTIONS s7e PROBLEMS s77

20) Entropy and the Second Law of
Thermodynamics sas

20-1 ENTROPY 583

What Is Physics? 584

Irreversible Processes and Entropy 584

Change in Entropy 585

The Second Law of Thermodynamics sss

20-2 ENTROPY IN THE REAL WORLD: ENGINES s90
Entropy in the Real World: Engines 590

20-3 REFRIGERATORS AND REAL ENGINES s95
Entropy in the Real World: Refrigerators 596
The Efficiencies of Real Engines 597

20-4 A STATISTICAL VIEW OF ENTROPY s98
A Statistical View of Entropy 598

REVIEW & SUMMARY eo2 QUESTIONS eo3 PROBLEMS eo04

29)Coulomb’s Law 609

21-1 COULOMB’S LAW 609
What Is Physics? e10

Electric Charge 610

Conductors and Insulators 612
Coulomb’s Law &13

21-2 CHARGE IS QUANTIZED 619
Charge Is Quantized 619

21-3 CHARGE IS CONSERVED 621
Charge Is Conserved 621

REVIEW & SUMMARY 622 QUESTIONS 623 PROBLEMS 624

22 )Electric Fields eso
22-1 THE ELECTRIC FIELD 630
What Is Physics? 630

The Electric Field e31

Electric Field Lines 631

22-2 THE ELECTRIC FIELD DUE TO A CHARGED
PARTICLE 633
The Electric Field Due to a Point Charge 633

22-3 THE ELECTRIC FIELD DUE TO A DIPOLE 635
The Electric Field Due to an Electric Dipole 636



22-4 THE ELECTRIC FIELD DUE TO A LINE OF CHARGE 638
The Electric Field Due to Line of Charge e3s

22-5 THE ELECTRIC FIELD DUE TO A CHARGED DISK 643
The Electric Field Due to a Charged Disk 643

22-6 A POINT CHARGE IN AN ELECTRIC FIELD 645
A Point Charge in an Electric Field e45

22-7 A DIPOLE IN AN ELECTRIC FIELD 647
A Dipole in an Electric Field e4s

REVIEW & SUMMARY eso QUESTIONS es1 PROBLEMS es2

23 Gauss’ Law es9
23-1 ELECTRIC FLUX 659
What Is Physics? 659
Electric Flux ee0

23-2 GAUSS' LAW 664
Gauss’ Law 664
Gauss’ Law and Coulomb’s Law 666

23-3 A CHARGED ISOLATED CONDUCTOR e68
A Charged Isolated Conductor ees

23-4 APPLYING GAUSS’ LAW: CYLINDRICAL
SYMMETRY 671
Applying Gauss’ Law: Cylindrical Symmetry 671

23-5 APPLYING GAUSS’ LAW: PLANAR SYMMETRY 673
Applying Gauss’ Law: Planar Symmetry 673

23-6 APPLYING GAUSS’ LAW: SPHERICAL SYMMETRY 675
Applying Gauss’ Law: Spherical Symmetry 675

REVIEW & SUMMARY e77 QUESTIONS &7z PROBLEMS 679

24 Electric Potential ess

24-1 ELECTRIC POTENTIAL e85

What Is Physics? e85

Electric Potential and Electric Potential Energy ese

24-2 EQUIPOTENTIAL SURFACES AND THE ELECTRIC
FIELD 690

Equipotential Surfaces 690

Calculating the Potential from the Field e91

24-3 POTENTIAL DUE TO A CHARGED PARTICLE 694
Potential Due to a Charged Particle 694
Potential Due to a Group of Charged Particles e95

24-4 POTENTIAL DUE TO AN ELECTRIC DIPOLE e97
Potential Due to an Electric Dipole 697

CONTENTS i

24-5 POTENTIAL DUE TO A CONTINUOUS CHARGE
DISTRIBUTION 698
Potential Due to a Continuous Charge Distribution e9s

24-6 CALCULATING THE FIELD FROM THE POTENTIAL 701
Calculating the Field from the Potential 7o1

24-7 ELECTRIC POTENTIAL ENERGY OF A SYSTEM OF
CHARGED PARTICLES 703
Electric Potential Energy of a System of Charged Particles 703

24-8 POTENTIAL OF A CHARGED ISOLATED CONDUCTOR 7zoe
Potential of a Charged Isolated Conductor 7oe

REVIEW & SUMMARY 707 QUESTIONS 7os PROBLEMS 710

26)Capacitance 717
25-1 CAPACITANCE 717
What Is Physics? 717
Capacitance 717

25-2 CALCULATING THE CAPACITANCE 719
Calculating the Capacitance 720

25-3 CAPACITORS IN PARALLEL AND IN SERIES 723
Capacitors in Parallel and in Series 724

25-4 ENERGY STORED IN AN ELECTRIC FIELD 728
Energy Stored in an Electric Field 728

25-5 CAPACITOR WITH A DIELECTRIC 731
Capacitor with a Dielectric 731
Dielectrics: An Atomic View 733

25-6 DIELECTRICS AND GAUSS’ LAW 735
Dielectrics and Gauss’ Law 735

REVIEW & SUMMARY 738 QUESTIONS 73s PROBLEMS 739

26)Current and Resistance 7as
26-1 ELECTRIC CURRENT 745

What Is Physics? 745

Electric Current 746

26-2 CURRENT DENSITY 7a4s
Current Density 749

26-3 RESISTANCE AND RESISTIVITY 752
Resistance and Resistivity 753

26-4 OHM’S LAW 756
Ohm’s Law 756
A Microscopic View of Ohm’s Law 758



Xii CONTENTS

26-5 POWER, SEMICONDUCTORS,
SUPERCONDUCTORS 760
Power in Electric Circuits 7eo
Semiconductors 762
Superconductors 763

REVIEW & SUMMARY 7e3 QUESTIONS 7e4a PROBLEMS 765

27)Circuits 771

27-1 SINGLE-LOOP CIRCUITS 771

What Is Physics? 772

“Pumping” Charges 772

Work, Energy, and Emf 773

Calculating the Current in a Single-Loop Circuit 774
Other Single-Loop Circuits 776

Potential Difference Between Two Points 777

27-2 MULTILOOP CIRCUITS 781
Multiloop Circuits 781

27-3 THE AMMETER AND THE VOLTMETER 788
The Ammeter and the Voltmeter zss

27-4 RCCIRCUITS 7ss
RC Circuits 789

REVIEW & SUMMARY 793 QUESTIONS 793 PROBLEMS 795

28)Magnetic Fields sos

28-1 MAGNETIC FIELDS AND THE DEFINITION OF E) 803
What Is Physics? 803

What Produces aMagnetic Field? soa4
The Definition of B 804

28-2 CROSSED FIELDS: DISCOVERY OF THE
ELECTRON sos
Crossed Fields: Discovery of the Electron 8o9

28-3 CROSSED FIELDS: THE HALL EFFECT 810
Crossed Fields: The Hall Effect s11

28-4 A CIRCULATING CHARGED PARTICLE 814
A Circulating Charged Particle 814

28-5 CYCLOTRONS AND SYNCHROTRONS 817
Cyclotrons and Synchrotrons 818

28-6 MAGNETIC FORCE ON A CURRENT-CARRYING
WIRE 820
Magnetic Force on a Current-Carrying Wire 820

28-7 TORQUE ON A CURRENT LOOP 822
Torque on a Current Loop 822

28-8 THE MAGNETIC DIPOLE MOMENT 824
The Magnetic Dipole Moment 825

REVIEW & SUMMARY 827 QUESTIONS s27 PROBLEMS s29

29) Magnetic Fields Due to Currents sse
29-1 MAGNETIC FIELD DUE TO A CURRENT 836
What Is Physics? 836

Calculating the Magnetic Field Due to a Current 837

29-2 FORCE BETWEEN TWO PARALLEL CURRENTS 842
Force Between Two Parallel Currents 842

29-3 AMPERE’S LAW 844
Ampere’s Law 844

29-4 SOLENOIDS AND TOROIDS s8a4s
Solenoids and Toroids sa4s

29-5 A CURRENT-CARRYING COIL AS A MAGNETIC DIPOLE 851

A Current-Carrying Coil as a Magnetic Dipole 851
REVIEW & SUMMARY 8s4 QUESTIONS 8ss PROBLEMS sse

30)Induction and Inductance sea
30-1 FARADAY’S LAW AND LENZ'S LAW 864
What Is Physics? sea

Two Experiments ses

Faraday’s Law of Induction ses

Lenz's Law s8es

30-2 INDUCTION AND ENERGY TRANSFERS 871
Induction and Energy Transfers 871

30-3 INDUCED ELECTRIC FIELDS 874
Induced Electric Fields 875

30-4 INDUCTORS AND INDUCTANCE 879
Inductors and Inductance 879

30-5 SELF-INDUCTION ss1
Self-Induction 881

30-6 RL CIRCUITS s8s2
RL Circuits ss3

30-7 ENERGY STORED IN A MAGNETIC FIELD 887
Energy Stored in a Magnetic Field ss7

30-8 ENERGY DENSITY OF A MAGNETIC FIELD 889
Energy Density of a Magnetic Field ss9

30-9 MUTUAL INDUCTION 890
Mutual Induction 890

REVIEW & SUMMARY 893 QUESTIONS s93 PROBLEMS sos



3%)Electromagnetic Oscillations and
Alternating Current 903

31-1 LC OSCILLATIONS 903

What Is Physics? 904

LC Oscillations, Qualitatively 904

The Electrical-Mechanical Analogy 906

LC Oscillations, Quantitatively 907

31-2 DAMPED OSCILLATIONS IN AN RLC CIRCUIT 910
Damped Oscillations in an ALC Circuit 911

31-3 FORCED OSCILLATIONS OF THREE SIMPLE
CIRCUITS 912

Alternating Current 913

Forced Oscillations 914

Three Simple Circuits 914

31-4 THE SERIES RLC CIRCUIT 921
The Series RLC Circuit 921

31-5 POWER IN ALTERNATING-CURRENT
CIRCUITS 927
Power in Alternating-Current Circuits 927

31-6 TRANSFORMERS 930
Transformers 930

REVIEW & SUMMARY o33 QUESTIONS 934 PROBLEMS 935

32 Maxwell’s Equations; Magnetism
of Matter 941
32-1 GAUSS’ LAW FOR MAGNETIC FIELDS 941
What Is Physics? 941
Gauss’ Law for Magnetic Fields 942

32-2 INDUCED MAGNETIC FIELDS 943
Induced Magnetic Fields 943

32-3 DISPLACEMENT CURRENT 946
Displacement Current 947
Maxwell’s Equations 949

32-4 MAGNETS 950
Magnets 950

32-5 MAGNETISM AND ELECTRONS 952
Magnetism and Electrons 953
Magnetic Materials 956

32-6 DIAMAGNETISM 957
Diamagnetism o957

32-7 PARAMAGNETISM 959
Paramagnetism 959

CONTENTS Xiii

32-8 FERROMAGNETISM 961
Ferromagnetism 961

REVIEW & SUMMARY 9e4 QUESTIONS 965 PROBLEMS 967

33)Electromagnetic Waves o72

33-1 ELECTROMAGNETIC WAVES 972

What Is Physics? 972

Maxwell’s Rainbow 973

The Traveling Electromagnetic Wave, Qualitatively o974
The Traveling Electromagnetic Wave, Quantitatively 977

33-2 ENERGY TRANSPORT AND THE POYNTING
VECTOR 980
Energy Transport and the Poynting Vector 981

33-3 RADIATION PRESSURE 983
Radiation Pressure 983

33-4 POLARIZATION o985
Polarization 985

33-5 REFLECTION AND REFRACTION 990
Reflection and Refraction 991

33-6 TOTAL INTERNAL REFLECTION 996
Total Internal Reflection 996

33-7 POLARIZATION BY REFLECTION 997
Polarization by Reflection o998

REVIEW & SUMMARY 999 QUESTIONS 1000 PROBLEMS 1001

34 |Images 1o10

34-1 IMAGES AND PLANE MIRRORS 1010
What Is Physics? 1010

Two Types of Image 1010

Plane Mirrors 1012

34-2 SPHERICAL MIRRORS 1014
Spherical Mirrors 1015
Images from Spherical Mirrors 1016

34-3 SPHERICAL REFRACTING SURFACES 1020
Spherical Refracting Surfaces 1020

34-4 THIN LENSES 1023
Thin Lenses 1023

34-5 OPTICAL INSTRUMENTS 1030
Optical Instruments 1030

34-6 THREE PROOFS 1033
REVIEW & SUMMARY 1036 QUESTIONS 1037 PROBLEMS 1038



Xiv CONTENTS

35 Interference 1047 Measuring an Event 1118

35-1 LIGHT AS AWAVE 1047 The Relativity of Simultaneity 1120

What Is Physics? 1047 The Relativity of Time 1121

Light as a Wave 104 37-2 THE RELATIVITY OF LENGTH 1125
35-2 YOUNG'S INTERFERENCE EXPERIMENT 1053 The Relativity of Length 1126

Diffraction 1053 37-3 THE LORENTZ TRANSFORMATION 1120

Young’s Interference Experiment 1054 .
g p The Lorentz Transformation 1129

35-3 INTERFERENCE AND DOUBLE-SLIT INTENSITY 1059 Some Consequences of the Lorentz Equations 1131

IC"“B’?"C_‘* D‘°5|9 Sit Inter 37-4 THE RELATIVITY OF VELOCITIES 1133
ntensity in Double-Slit Interference 1060 The Relativity of Velocities 1133

35-4 INTERFERENCE FROM THIN FILMS 1063
Interference from Thin Films 1064

37-5 DOPPLER EFFECT FOR LIGHT 1134
Doppler Effect for Light 1135

3?-5 MI(,IHELSON’S INTERFEROMETER 1070 37-6 MOMENTUM AND ENERGY 1137
Michelson’s Interferometer 1071 A New Look at Momentum 1138

REVIEW & SUMMARY 1072 QUESTIONS 1072 PROBLEMS 1074 A New Look at Energy 1138

. . REVIEW & SUMMARY 1143 QUESTIONS 1144 PROBLEMS 1145
36 Diffraction 108t
36-1 SINGLE-SLIT DIFFRACTION 1081
What Is Physics? 1081
Diffraction and the Wave Theory of Light 1081
Diffraction by a Single Slit: Locating the Minima 1083

38)Photons and Matter Waves 1153

38-1 THE PHOTON, THE QUANTUM OF LIGHT 1153
What Is Physics? 1153
The Photon, the Quantum of Light 1154

38-2 THE PHOTOELECTRIC EFFECT 1155
The Photoelectric Effect 1156

38-3 PHOTONS, MOMENTUM, COMPTON SCATTERING, LIGHT
INTERFERENCE 1158
Photons Have Momentum 1159

36-2 INTENSITY IN SINGLE-SLIT DIFFRACTION 1086
Intensity in Single-Slit Diffraction 1086
Intensity in Single-Slit Diffraction, Quantitatively 1oss

36-3 DIFFRACTION BY A CIRCULAR APERTURE 1090
Diffraction by a Circular Aperture 1091

36-4 DIFFRACTION BY A DOUBLE SLIT 1094 Light as a Probability Wave 1162
Diffraction by a Double Slit 1005 38-4 THE BIRTH OF QUANTUM PHYSICS 1164
36-5 DIFFRACTION GRATINGS 1098 The Birth of Quantum Physics  11es
Diffraction Gratings 1098 38-5 ELECTRONS AND MATTER WAVES 1166
36-6 GRATINGS: DISPERSION AND RESOLVING Electrons and Matter Waves 167
POWER 1101 38-6 SCHRODINGER’S EQUATION 1170
Gratings: Dispersion and Resolving Power 1101 Schrodinger’s Equation 1170
36-7 X-RAY DIFFRACTION 1104 38-7 HEISENBERG’S UNCERTAINTY PRINCIPLE 1172
X-Ray Diffraction 1104 Heisenberg’s Uncertainty Principle 1173

REVIEW & SUMMARY 1107 QUESTIONS 1107 PROBLEMS 1108 38-8 REFLECTION FROM A POTENTIAL STEP 1174

. Reflection from a Potential Step 1174
37 Relativity 111e

37-1 SIMULTANEITY AND TIME DILATION 1116 38-9 TUNNELING THROUGH A POTENTIAL BARRIER 1176
What Is Physics? 1116 Tunneling Through a Potential Barrier 1176

The Postulates 1117 REVIEW & SUMMARY 1179 QUESTIONS 1180 PROBLEMS 1181



39)More About Matter Waves 11se

39-1 ENERGIES OF A TRAPPED ELECTRON 1186
What Is Physics? 1186

String Waves and Matter Waves 1187

Energies of a Trapped Electron 1187

39-2 WAVE FUNCTIONS OF A TRAPPED
ELECTRON 1191
Wave Functions of a Trapped Electron 1192

39-3 AN ELECTRON IN A FINITE WELL 1195
An Electron in a Finite Well 1195

39-4 TWO- AND THREE-DIMENSIONAL ELECTRON
TRAPS 1197

More Electron Traps 1197

Two- and Three-Dimensional Electron Traps 1200

39-5 THE HYDROGEN ATOM 1201

The Hydrogen Atom Is an Electron Trap 1202

The Bohr Model of Hydrogen, a Lucky Break 1203
Schrodinger’s Equation and the Hydrogen Atom 1205

REVIEW & SUMMARY 1213 QUESTIONS 1213 PROBLEMS 1214

40)All About Atoms 1219

40-1 PROPERTIES OF ATOMS 1219

What Is Physics? 1220

Some Properties of Atoms 1220

Angular Momentum, Magnetic Dipole Moments 1222

40-2 THE STERN-GERLACH EXPERIMENT 1226
The Stern—Gerlach Experiment 1226

40-3 MAGNETIC RESONANCE 1229
Magnetic Resonance 1229

40-4 EXCLUSION PRINCIPLE AND MULTIPLE ELECTRONS
INATRAP 1230

The Pauli Exclusion Principle 1230

Multiple Electrons in Rectangular Traps 1231

40-5 BUILDING THE PERIODIC TABLE 1234
Building the Periodic Table 1234

40-6 X RAYS AND THE ORDERING OF THE
ELEMENTS 1236
X Rays and the Ordering of the Elements 1237

40-7 LASERS 1240
Lasers and Laser Light 1241
How Lasers Work 1242

REVIEW & SUMMARY 1245 QUESTIONS 1246 PROBLEMS 1247

CONTENTS XV

4%)Conduction of Electricity in Solids 1252
41-1 THE ELECTRICAL PROPERTIES OF METALS 1252
What Is Physics? 1253

The Electrical Properties of Solids 1253

Energy Levels in a Crystalline Solid 1254

Insulators 1254

Metals 1255

41-2 SEMICONDUCTORS AND DOPING 1261
Semiconductors 1262
Doped Semiconductors 1263

41-3 THE p-n JUNCTION AND THE TRANSISTOR 1265
The p-n Junction 1266

The Junction Rectifier 1267

The Light-Emitting Diode (LED) 1268

The Transistor 1270

REVIEW & SUMMARY 1271 QUESTIONS 1272 PROBLEMS 1272

42)Nuclear Physics 1276

42-1 DISCOVERING THE NUCLEUS 1276
What Is Physics? 1276

Discovering the Nucleus 1276

42-2 SOME NUCLEAR PROPERTIES 1279
Some Nuclear Properties 1280

42-3 RADIOACTIVE DECAY 1286
Radioactive Decay 1286

42-4 ALPHA DECAY 1289
Alpha Decay 1289

42-5 BETA DECAY 1292
Beta Decay 1292

42-6 RADIOACTIVE DATING 1295
Radioactive Dating 1295

42-7 MEASURING RADIATION DOSAGE 1296
Measuring Radiation Dosage 1296

42-8 NUCLEAR MODELS 1297
Nuclear Models 1297

REVIEW & SUMMARY 1300 QUESTIONS 1301 PROBLEMS 1302

43)Energy from the Nucleus 1309
43-1 NUCLEAR FISSION 1309

What Is Physics? 1309

Nuclear Fission: The Basic Process 1310

A Model for Nuclear Fission 1312



XVi CONTENTS

43-2 THE NUCLEAR REACTOR 1316
The Nuclear Reactor 1316

43-3 A NATURAL NUCLEAR REACTOR 1320
A Natural Nuclear Reactor 1320

43-4 THERMONUCLEAR FUSION: THE BASIC
PROCESS 1322
Thermonuclear Fusion: The Basic Process 1322

43-5 THERMONUCLEAR FUSION IN THE SUN AND OTHER
STARS 1324
Thermonuclear Fusion in the Sun and Other Stars 1324

43-6 CONTROLLED THERMONUCLEAR FUSION 1326
Controlled Thermonuclear Fusion 1326

REVIEW & SUMMARY 1329 QUESTIONS 1329 PROBLEMS 1330

44)Quarks, Leptons, and the Big Bang 1334

44-1 GENERAL PROPERTIES OF ELEMENTARY
PARTICLES 1334

What Is Physics? 1334

Particles, Particles, Particles 1335

An Interlude 1339

44-2 LEPTONS, HADRONS, AND STRANGENESS 1343
The Leptons 1343

The Hadrons 1345

Still Another Conservation Law 1346

The Eightfold Way 1347

44-3 QUARKS AND MESSENGER PARTICLES 1349
The Quark Model 1349
The Basic Forces and Messenger Particles 1352

44-4 COSMOLOGY 1355

A Pause for Reflection 1355

The Universe Is Expanding 1356

The Cosmic Background Radiation 1357
Dark Matter 1358

The Big Bang 1358

A Summing Up 1361

REVIEW & SUMMARY 13e2 QUESTIONS 13e2 PROBLEMS 1363

APPENDICES
A The International System of Units (SI) A-1

B Some Fundamental Constants of Physics A-3
C Some Astronomical Data A-4

D Conversion Factors A-s

E Mathematical Formulas A-9

F Properties of The Elements A-12

G Periodic Table of The Elements A-15

ANSWERS
To Checkpoints and 0dd-Numbered Questions and Problems  AN-1

INDEX 11



HOW TO USE THE 11TH EDITION OF FUNDAMENTALS OF PHYSICS

The WileyPLUS Course for Fundamentals of Physics is now in its 11th edition. You will note that
this print component does not have an edition number. This is because while we completely over-
hauled the WP course for the 11th edition, we did not change anything in the print version other
than this preface. It is our hope that students will use the 11th edition of Fundamentals of Physics in
WileyPLUS as their sole course material. If they do need a print companion, the edition previously
sold as the 10th edition is available to them.

A LETTER FROM THE AUTHOR
PHYSICS FOR RACHAEL

The eleventh edition of Fundamentals of Physics is an online, interactive, digital learning center with-
in WileyPLUS. My working title for the “book” portion of the center is Physics for Rachael because
I originated its design when Rachael Catrina was in my first semester physics class.

- -'l‘v
Rachael Catrina and Jearl Walker
Photo courtesy of Rachael Catrina

Within the first few weeks, Rachael began to come to my office for help. I soon realized that,
although she was eager to succeed, she was not learning enough by reading the textbook and she
was not gaining enough information from my lectures to do the homework or prepare for the exams.
So, we began discussions of the physics in two-hour sessions each week for the rest of the semester.
I would explain some physics and then ask guiding questions. She would respond. If she was wrong,
I would tell her the correct answer and why. Instead of passive reading in the textbook or passive
listening to the lectures, we had a back-and-forth exchange of questions and explanations. Passive
switched to engaged. She learned the physics. I learned how a modern student thinks.

At the end of the semester, I pitched the idea of converting Fundamentals 10e to be an online,
digital, interactive “book” to the publisher, John Wiley & Sons. Together we have now transformed
the traditional book of thousands of declarative sentences into a Rachael-type of discourse. In each
chapter section, I explain some physics and then ask guiding questions, which the online student will
answer. If the student’s answer is wrong, then I indicate the correct answer and why. In that way
I guide the student through the chapter. The book is now much more than just a book. Rather, it
is part of a learning center with information, interactive challenges, activities, games (which can be
group activities), and embedded media. The reality is that today most students taking the introduc-
tory physics course are like Rachael in that they need lots of guidance and interaction. Although
I cannot be available in person for each student as I was for Rachael, this digital and interactive
resource is available 24/7.

Xvii
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PREFACE

Brad Trees of Ohio Wesleyan University has contributed many interactive exercises and simu-
lations within the Rachael chapters and within WileyPLUS. They will engage the students in visual
ways, challenging them to dig deeper into the physics than the standard homework problems. Many
are based on real-world applications of physics and offer animations of time dependent phenomena.

WHAT’S NEW IN THE ELEVENTH EDITION

Interactive Exercises and Simulations by Brad Trees of Ohio Wesleyan University. How do we help
students understand challenging concepts in physics? How do we motivate students to engage with
core content in a meaningful way? The new simulations accompanying the eleventh edition of Fun-
damentals of Physics are intended to address these key questions. Each module in the Etext is linked
to one or more simulations that convey concepts visually. A simulation depicts a physical situation in
which time dependent phenomena are animated and information is presented in multiple represen-
tations including a visual representation of the physical system as well as a plot of related variables.
Often, adjustable parameters allow the user to change a property of the system and to see the effects
of that change on the subsequent behavior. For visual learners, the simulations provide an opportuni-
ty to “see” the physics in action. Each simulation is also linked to a set of interactive exercises, which
guides the student through a deeper interaction with the physics underlying the simulation. The
exercises consist of a series of practice questions with feedback and detailed solutions. Instructors
may choose to assign the exercises for practice, to recommend the exercises to students as additional
practice, and to show individual simulations during class time to demonstrate a concept and to moti-
vate class discussion.

70) |  [»|[mn]| e]=0.000

r=000s

Arrplitide i mmion/

An example of periodic motion

A particle undergoes periodic motion along an x axis between x=0 and x5, This can represent the

motion of a ball connected to a paddle by an elastic string, as discussed in Module 151

Questions throughout the chapter narratives Every section (module) of a chapter contains
questions that guide a student through the physics or explore a figure or video. An answer and
an explanation are provided for each question. There are no “traps” that prevent a student from
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progressing through the chapter. A student’s progress is reported to an online gradebook, for
a student’s personal use or for an instructor’s grade assessment.

Games and opportunities for group work Each chapter contains a game based on key ideas in
the chapter and presented in a fun manner. The games can also be used as group exercises or a break
in a long lecture or for flipped classrooms. Answers and explanations are always provided.

Derivations In a print book, students very rarely read a derivation, much less study it. In the
Rachael version of Fundamentals of Physics, the student will work through every derivation by
answering several questions along the way, with the results reported to the online gradebook. Thus,
the student can understand the result and its limitations rather than merely using it as a plug-in
equation.

Sample Problems Every Sample Problem (about 15 per chapter) has been transformed from a
passive reading experience to a series of interactive steps, with the results reported to the online
gradebook. In some Sample Problems, a student works through the calculations with a series of
guiding questions. In others, a student follows a link to one of my videos and then answers several
questions after the video.

Video Links Links to video explanations, interactive figures, and demonstrations are now embed-
ded in the narrative, and every link is followed by an interactive series of questions, with the results
reported to the online gradebook.

Roll-over figures  Some of the more challenging figures have been converted so that a student can
see different aspects by rolling over the figure.

wileypLus WILEYPLUS

WileyPLUS is a dynamic learning center stocked with many different learning aids, including just-
in-time problem-solving tutorials, reading quizzes (to encourage reading about the physics prior
to lectures), animated figures, hundreds of sample problems with worked-out solutions, numerous
demonstrations, and over 1500 videos ranging from math reviews to mini-lectures to examples. All are
available 24/7 and can be repeated as many times as desired. Thus, if a student gets stuck on a home-
work problem at, say, 2:00 AM (which appears to be a popular time for doing physics homework),
friendly and helpful resources are available.

Learning Tools When I learned first-year physics in the first edition of Halliday and Resnick, I
caught on by repeatedly rereading a chapter. These days we better understand that students have a
wide range of learning styles. So, Physics for Rachael and WileyPL US contain many different learn-
ing tools. Here are a few.

Free-body diagrams In chapters involving vector addition (such as the chapters on Newton’s
laws, Coulomb’s law, and electric fields), a number of the homework problems require a student to
construct a free-body diagram.
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Links between homework problems and learning objectives Every homework question and
problem are linked to a learning objective, to answer the (usually unspoken) questions, “Why am I
working this problem? What am I supposed to learn from it?”” By being explicit about a problem’s pur-
pose, I believe that a student might better transfer the learning objective to other problems with a differ-
ent wording but the same key idea. Such transference would 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.

Video lllustrations David Maiullo of Rutgers University has created video versions of approximately
30 of the photographs and figures from 10e. Links to
many of them are embedded in the chapters and all
are linked out of WileyPLUS. Much of physics is the
study of things that move, and video can often provide In a certain time interval, it rotates
better representation than a static photo or figure. \ S TN GOSN v

' acceleration 4.0 radfs?, reaching
angular speed 4.5 rad/s.

Starts from rest.

Animations Each chapter contains an embedded
link to an animation of a key figure. I chose the
figures that are rich in information so that a student
can see the physics in action and played out over a
minute or two.

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

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

Videos T have made well over 1500 instructional
videos, with more coming. Students can watch me
draw or type on the screen as they hear me talk
about a solution, tutorial, sample problem, or review,
very much as they would experience were they sit-
ting 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

GO Tutorial

This GO Tutorial will provide you with a step-by-: m quldﬂ an how to approach this problem,
‘Whan you are finshed, go back and try the problem Bgain on your own, To view the ﬂnnlnal
question while you wurk. you can just drag ths screen to the side. (This GO Tuto

consists of 4 steps).

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

KEY IDEAS:
(1) when an cbject ratates at constant angular sccsleration, we can use the constant-
accaleration squations of Table 10-1 modified for angular matian:

(1w = wy + at

(218 - By = wpt + jot®

days a week, and can be repeated indefinitely.

* Video tutorials on subjects in the chapters. I chose
the subjects that challenge 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 simulta-
neous equations.

¢ Video introductions to math, such as vector multi-
plication, that will be new to the students.

* Video presentations of Sample Problems. My in-
tent 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 sample prob-
lem, 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 prob-
lems. 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.

(3w’ = i + 2a(6 - 6;)
(4)8 - 8y = g + w)t
(5)8 - 8y = wt - jar’

Counterclockwise is the postive direction of rotation, and clockwise is the negatrve direction.
(2] 1f = particle maves araund a rotation axis at radius £, the magnitude of 25 radial
leantripatal) sccelaration ar 8t any moment i related to its tangential speed v (the speed
g the circular path) and s angular speed st that momeant by
v
= =w'r
ap= o w?

(3) 1F & pasticle moves around a rotaticn axis at radius r, the magnitude of its tangential
acceleration at (the scosleration slong the arcular path) at any moment is relsted to angular
scceleration a at that mamaent by
= ra
E-l] 1f & particle movas around a ratation axis st radius r, the angular displacement thraugh
ctates is related to the distance s it moves -Inng its circular path by

sn‘.‘.ﬂ

GETTING STARTED: What is the radius of rotation (in meters) of & powit on the nm of the
wheel?

Numbar Unit -

exact number, no iolarance

| Check Youringut |
Step 2 : Solution Step 2 of GO Tulorial 10-30
What is the final angular speed in radians per second?
Humber Unit -
[ Check Yourlngut |
Step [ : Solution Step 3 of GO Tulorial 10-30
What was th initial angular speed?
Number unit =
exact number, no tolerance
[ Check Yourinput

Step 4 : Solution Step 4 of GO Tutorial 10-30
Through what angular detance does the fiywheel rotate to reach the final angular speed?
Number Unit -

Mo that you know how to solva the problem, go back and try again on yeur ewn. [[EEETH



* 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.

* 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 pro-
vide a solution that can be merely duplicated without comprehension.

* GO Tutorials for 15% of the end-of-chapter homework problems. In multiple steps, I lead a student
through a homework problem, starting with the Key Ideas and giving hints when wrong answers are
submitted. However, I purposely leave the last step (for the final answer) to the students 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 instruc-
tor). I wrote these as true hints about the main ideas and the general procedure for a solution, not
as recipes that provide an answer without any comprehension.

Evaluation Materials

* Pre-lecture reading questions are available in WileyPLUS for each chapter 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 chapter sections. I wrote these so that they require analysis and
decisions about the physics in the section. Answers and explanations are given for each, and the re-
sults are reported to the online gradebook.

e All end-of-chapter homework Problems (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 problems,
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).

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

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

FUNDAMENTALS OF PHYSICS-FORMAT OPTIONS

Fundamentals of Physics was designed to optimize students’ online learning experience. We high-
ly recommend that students use the digital course within WileyPLUS as their primary course
material. If, however, a print version is required, it is available, but please note that the content
in the text differs from the content in the WileyPLUS course. Here are students’ purchase options
and ISBNs:

* 11E WileyPLUS course

e Fundamentals of Physics Looseleaf Print Companion bundled with WileyPLUS

e Fundamentals of Physics vol 1 bundled with WileyPLUS

e Fundamentals of Physics vol 2 bundled with WileyPLUS

e Fundamentals of Physics Vitalsource etext

PREFACE

XXi



XXii

PREFACE

INSTRUCTOR SUPPLEMENTS

Instructor’s Solutions Manual by Sen-Ben Liao, Lawrence Livermore National Laboratory. This
manual provides worked-out solutions for all problems found at the end of each chapter. It is avail-
able 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 Ques-
tions, 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 Classroom Response Systems (“Clicker”) Questions by David Marx, Illinois State University.
There are two sets of questions available: Reading Quiz questions and Interactive Lecture questions.
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 Soft-
ware. This is a collection of 50 interactive simulations (Java applets) that can be used for classroom
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
WileyPLUS. There is an accompanying Instructor’s Guide that includes “clicker” questions.

e Test Bank 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.

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 (available upon request).

STUDENT SUPPLEMENTS

Student Solutions Manual (ISBN 9781119455127) by Sen-Ben Liao, Lawrence Livermore
National Laboratory. This manual provides students with complete worked-out solutions to 15 per-
cent 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.

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.
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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 S| system.
1.02 Name the most frequently used prefixes for
Sl units.

Key Ideas

@ Physics is based on measurement of physical quanti-
ties. Certain physical quantities have been chosen as base
quantities (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 Interna-
tional System of Units (Sl). The three physical quantities
displayed in Table 1-1 are used in the early chapters.
Standards, which must be both accessible and invari-
able, have been established for these base quantities by

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.

international agreement. 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 measure-
ment notation.

@ Conversion of units may be performed by using chain-
link conversions in which the original data are multiplied
successively 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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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 pro-
cedures 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
agreement—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

Table 1-1 Units for Three SI outstretched arm, we certainly have an accessible standard —but it will, of course,
Base Quantities 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-

uantit Unit Name  Unit Symbol .
Q y ! y cates of the base standards that are accessible to those who need them.

Length meter m
Time second s - -
Mass Kilogram ke 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
Table 1-2 Prefixes for Sl Units 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—length,

Factor Prefix’ Symbol mass, and time —that we use in the early chapters of this book. These units were

10% yotta- A% defined to be on a “human scale.”

102 setla- 7 Many SI derived units are defined in terms of these base units. For example,

1018 exa- E the SI unit for power, called the watt (W), is defined in terms of the base units

1015 peta- p for mass, length, and time. Thus, as you will see in Chapter 7,

10" tera- T 1watt=1W =1kg- m?s3, (1-1)

10 giga- G . . . .

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

10 kilo- k " . .

102 hecto. h 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,

10! deka- da

107! deci- d 3560 000 000 m = 3.56 x 10° m (1-2)

102 centi- c ;

10-3 milli- m and 0.000 000 492 s =4.92 x 107" s. (1-3)

10-¢ micro- s Scientific notation on computers sometimes takes on an even briefer look, as in

107 nano- n 3.56 E9 and 4.92 E-7, where E stands for “exponent of ten.” It is briefer still on

10-2 pico- p some calculators, where E is replaced with an empty space.

107 femto- f As a further convenience when dealing with very large or very small mea-

10-18 atto- a surements, we use the prefixes listed in Table 1-2. As you can see, each prefix

10-2L zepto- z represents a certain power of 10, to be used as a multiplication factor. Attaching

1024 yocto- y a prefix to an SI unit has the effect of multiplying by the associated factor. Thus,

we can express a particular electric power as
“The most frequently used prefixes are shown in

bold type. 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

60s - ad

=1.

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

60s
1 mvin

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.

2 min = (2 min)(1) = (2 m'm)( ) =120s. (1-6)

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 1650 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.



4 CHAPTER 1 MEASUREMENT

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:

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 ¢ is exactly
¢ =299 792 458 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 Some Approximate Lengths Table 1-3 shows a wide range of lengths, from that of the universe (top line)
) to those of some very small objects.
Measurement Length in Meters
Distance to the first - - g - -
salaxies formed 25 10% Significant Figures and Decimal Places
Distance to the 0 Suppose that you work out a problem in which each value consists of two digits.
Andromeda galaxy 2x10 Those digits are called significant figures and they set the number of digits that
Distance to the nearby you can use in reporting your final answer. With data given in two significant
star Proxima Centauri 4 10% fi final hould have only two significant figures. However
gures, your final answer should have only two significant figures. However,
Distance to Pluto 610" depending on the mode setting of your calculator, many more digits might be
Radius of Earth 6x10° displayed. Those extra digits are meaningless.
Height of Mt. Everest 9 x10° In this book, final results of calculations are often rounded to match the least
Thickness of this page 1x107* number of significant figures in the given data. (However, sometimes an extra
Length of a typical virus 1x1078 significant figure is kept.) When the leftmost of the digits to be discarded is 5 or
Radius of a hydrogen atom 5% 101 more, the last remaining digit is rounded up; otherwise it is retained as is. For
Radius of a proton 1% 10-15 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 3000? 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.

Sample Problem 1.01 Estimating order of magnitude, ball of string

The world’s largest ball of string is about 2 m in radius. To  ball’s builder most unhappy. Instead, because we want only
the nearest order of magnitude, what is the total length L the nearest order of magnitude, we can estimate any quanti-
of the string in the ball? ties required in the calculation.

KEY IDEA Calculations: Let us assume the ball is spherical with radius
R =2 m. The string in the ball is not closely packed (there
We could, of course, take the ball apart and measure the  are uncountable gaps between adjacent sections of string).
total length L, but that would take great effort and make the =~ To allow for these gaps, let us somewhat overestimate
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the cross-sectional area of the string by assuming the cross d’L = 4R3,
section is square, with an edge length d = 4 mm. Then, with

a.cross-sectional area of d” and a length L, the string occu- 4R3 4(2 m)?
pies a total volume of or L=

A2 T (4% 107 m)
— 6m ~ 106 m = 103
V = (cross-sectional area)(length) = d?L. =2x10°m ~10°m = 10" km. (Answer)

Thif is approximately equal to the volume of the ball, given (Note that you do not need a calculator for such a simpli-
by 37R’, which is about 4R because 7 is about 3. Thus, we  fied calculation.) To the nearest order of magnitude, the ball
have the following contains about 1000 km of string!

PLUS Additional examples, video, and practice available at WileyPLUS

1-2 1ime

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

1.05 Change units for time by using chain-link 1.06 Use various measures of time, such as for motion or
conversions. as determined on different clocks.

Key Idea

@ The second is defined in terms of the oscillations of time signals are sent worldwide by radio signals keyed to

light emitted by an atomic (cesium-133) source. Accurate 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
Lifetime of the Time between human heartbeats 8 x 107! Steven Pitkin
: 40 o —
proton (pre@cted) 3x 1017 Lifetime of the muon 2x107° Figure 1-1 When the metric system was
Age of the HRIVETse 5x10 Shortest lab light pulse 1x1071 proposed in 1792, the hour was redefined
Age of the pyramid of Cheops 1 x 10! Lifetime of the most to provide a 10-hour day. The idea did not
Human life expectancy 2x10° unstable particle 1x107% catch on. The maker of this 10-hour watch
Length of a day 9 x 10* The Planck time? 1x10% 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 WWYV and
\

+
&)

WWVH) and by telephone (303-499-7111). Time signals (and related
‘ information) are also available from the United States Naval Observa-
\
| ﬁ |

tory at website http://tycho.usno.navy.mil/time.html. (To set a 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-

+
N

” “ ‘I\

‘”' /r

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

+1 980 198 ] 198 2 1983 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 s in 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 . . .

1.07 Change units for mass by using chain-link 1.08 Relate density to mass and volume when the mass
conversions. is uniformly distributed.

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
atomic scale, the atomic mass unit, defined in terms of .
the atom carbon-12, is usually used. 4

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.


http://tycho.usno.navy.mil/time.html

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 cop-
ies 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=1.660 538 86 x 10-*7 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 rel-
ative 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:
=— 1-8
P=7 (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 Density and liquefaction

A heavy object can sink into the ground during an earthquake ~ KEY IDEA

Table 1-5 Some Approximate Masses

Object

Known universe
Our galaxy

Sun

Moon

Asteroid Eros
Small mountain
Ocean liner
Elephant

Grape

Speck of dust
Penicillin molecule
Uranium atom
Proton

Electron

1-3 MASS

Mass in
Kilograms

1x10%
2 x 101
2% 10%
7 x 10%
5x 108
1x 102
7 x 107
5x10°
3x1073
7 % 10710
5x 1077
4x107%
2x107%
9x 1073

if the shaking causes the ground to undergo liquefaction, in

which the soil grains experience little friction as they slide over
one another. The ground is then effectively quicksand. The
possibility of liquefaction in sandy ground can be predicted in
terms of the void ratio e for a sample of the ground:

Vvoids

e = Vi (1-9)

grains

Here, Vypins 1s the total volume of the sand grains in the sam-
ple and V4 is the total volume between the grains (in the
voids). If e exceeds a critical value of 0.80, liquefaction can
occur during an earthquake. What is the corresponding sand
density pg,nq? Solid silicon dioxide (the primary component
of sand) has a density of pgio, = 2.600 x 103 kg/m?. =&

The density of the sand pg,,q in a sample is the mass per unit
volume —that is, the ratio of the total mass m,,, of the sand
grains to the total volume V, of the sample:

Msand
Vtotal

Psand =

(1-10)

Calculations: The total volume V., of a sample is
Viotal = Vgrains A Wi

Substituting for V.4 from Eq. 1-9 and solving for Vins
lead to
Vtotal

= (1-11)

Vgrains



8 CHAPTER 1 MEASUREMENT

From Eq. 1-8, the total mass m,,q of the sand grains is the
product of the density of silicon dioxide and the total vol-
ume of the sand grains:

(1-12)

Mgand = pSiOngrainS'

Substituting this expression into Eq. 1-10 and then substitut-
ing for Vs from Eq. 1-11 lead to

Psio, View  Psio,

. 1-13
Vi 1+ € 1+e ( )

Psand =

WILEY @
P

Substituting pgio, = 2.600 x 107 kg/m? and the critical value
of e = 0.80, we find that liquefaction occurs when the sand
density is less than

2.600 x 10° kg/m®
Psand = 1.80

= 1.4 x 10° kg/m’.

(Answer)
A building can sink several meters in such liquefaction.

LUS Additional examples, video, and practice available at WileyPLUS

Beview & Summary

Measurement in Physics Physics is based on measurement
of physical quantities. Certain physical quantities have been cho-
sen as base quantities (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.

Sl Units The unit system emphasized in this book is the
International System of Units (SI). The three physical quanti-
ties displayed in Table 1-1 are used in the early chapters. Stan-
dards, which must be both accessible and invariable, have been
established for these base quantities by international agreement.
These standards are used in all physical measurement, for both
the base quantities and the quantities derived from them. Scien-
tific notation and the prefixes of Table 1-2 are used to simplify
measurement notation.

Changing Units Conversion of units may be performed
by using chain-link conversions in which the original data are

Problems

multiplied successively by conversion factors written as unity and
the units are manipulated like algebraic quantities until only the
desired units remain.

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

Time 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 stan-
dardizing laboratories.

Mass The kilogram is defined in terms of a platinum—
iridium standard mass kept near Paris. For measurements on an
atomic scale, the atomic mass unit, defined in terms of the atom
carbon-12, is usually used.

Density The density p of a material is the mass per unit volume:

m

p = 7 (1—8)

@ 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
e —eee Number of dots indicates level of problem difficulty ILW

Interactive solution is at http://www.wiley.com/college/halliday

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

Module 1-1 Measuring Things, Including Lengths

e1 ssm Earth is approximately a sphere of radius 6.37 x 10° m.
What are (a) its circumference in kilometers, (b) its surface area
in square kilometers, and (c) its volume in cubic kilometers?

°2 A gryisanold English measure for length, defined as 1/10 of a
line, where line is another old English measure for length, defined
as 1/12 inch. A common measure for length in the publishing busi-
ness is a point, defined as 1/72 inch. What is an area of 0.50 gry? in
points squared (points?)?

*3 The micrometer (1 um) is often called the micron. (a) How

many microns make up 1.0 km? (b) What fraction of a centimeter
equals 1.0 um? (c) How many microns are in 1.0 yd?

*4  Spacing in this book was generally done in units of points and
picas: 12 points = 1 pica, and 6 picas = 1 inch. If a figure was mis-
placed in the page proofs by 0.80 cm, what was the misplacement
in (a) picas and (b) points?

5 ssM www Horses are to race over a certain English
meadow for a distance of 4.0 furlongs. What is the race distance in
(a) rods and (b) chains? (1 furlong = 201.168 m, 1 rod = 5.0292 m,
and 1 chain =20.117 m.)


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

°*6  You can easily convert common units and measures elec-
tronically, but you still should be able to use a conversion table,
such as those in Appendix D. Table 1-6 is part of a conversion
table for a system of volume measures once common in Spain; a
volume of 1 fanega is equivalent to 55.501 dm? (cubic decimeters).
To complete the table, what numbers (to three significant figures)
should be entered in (a) the cahiz column, (b) the fanega column,
(c) the cuartilla column, and (d) the almude column, starting with
the top blank? Express 7.00 almudes in (e) medios, (f) cahizes, and
(g) cubic centimeters (cm?).

Table 1-6 Problem 6

cahiz fanega  cuartilla almude  medio
1 cahiz = 1 12 48 144 288
1 fanega = 1 4 12 24
1 cuartilla = 1 3 6
1 almude = 1
1 medio = 1

ee7 |LW Hydraulic engineers in the United States often use, as a
unit of volume of water, the acre-foot, defined as the volume of
water that will cover 1 acre of land to a depth of 1 ft. A severe thun-
derstorm dumped 2.0 in. of rain in 30 min on a town of area 26 km?.
What volume of water, in acre-feet, fell on the town?

°e8 @ Harvard Bridge, which connects MIT with its frater-
nities across the Charles River, has a length of 364.4 Smoots
plus one ear. The unit of one Smoot is based on the length of Oli-
ver Reed Smoot, Jr., class of 1962, who was carried or dragged
length by length across the bridge so that other pledge members
of the Lambda Chi Alpha fraternity could mark off (with paint)
1-Smoot lengths along the bridge. The marks have been repainted
biannually by fraternity pledges since the initial measurement, usu-
ally during times of traffic congestion so that the police cannot eas-
ily interfere. (Presumably, the police were originally upset because
the Smoot is not an SI base unit, but these days they seem to
have accepted the unit.) Figure 1-4 shows three parallel paths, mea-
sured in Smoots (S), Willies (W), and Zeldas (Z). What is the length
of 50.0 Smoots in (a) Willies and (b) Zeldas?

0 32 212
1 1 1 S
| | |
0 | 258
— —w
60 216
| | Z

Figure 1-4 Problem 8.

°*9 Antarctica is roughly semicircular, with a radius of 2000 km
(Fig. 1-5). The average thickness of its ice cover is 3000 m. How
many cubic centimeters of ice does Antarctica contain? (Ignore the
curvature of Earth.)

‘\2.000 km

3000 m

Figure 1-5 Problem 9.

PROBLEMS 9

Module 1-2 Time

*10 Until 1883, every city and town in the United States kept its
own local time. Today, travelers reset their watches only when
the time change equals 1.0 h. How far, on the average, must you
travel in degrees of longitude between the time-zone boundaries at
which your watch must be reset by 1.0 h? (Hint: Earth rotates 360°
in about 24 h.)

*11 For about 10 years after the French Revolution, the French
government attempted to base measures of time on multiples of
ten: One week consisted of 10 days, one day consisted of 10 hours,
one hour consisted of 100 minutes, and one minute consisted of
100 seconds. What are the ratios of (a) the French decimal week
to the standard week and (b) the French decimal second to the
standard second?

*12 The fastest growing plant on record is a Hesperoyucca whip-
plei that grew 3.7 m in 14 days. What was its growth rate in micro-
meters per second?

*13 (@ Three digital clocks A, B, and C run at different rates
and do not have simultaneous readings of zero. Figure 1-6 shows
simultaneous readings on pairs of the clocks for four occasions.
(At the earliest occasion, for example, B reads 25.0 s and C reads
92.0s.) If two events are 600 s apart on clock A, how far apart are
they on (a) clock B and (b) clock C? (c) When clock A reads 400 s,
what does clock B read? (d) When clock C reads 15.0 s, what does
clock B read? (Assume negative readings for prezero times.)

312 512
: — 40
25:.0 1?5 2(|)0 2!?0
i i B(s)
92.0 142
| | C (5)

Figure 1-6 Problem 13.

*14 A lecture period (50 min) is close to 1 microcentury. (a) How
long is a microcentury in minutes? (b) Using

actual — pproximation

percentage difference =

)

actual

find the percentage difference from the approximation.

*15 A fortnight is a charming English measure of time equal to
2.0 weeks (the word is a contraction of “fourteen nights). That is
a nice amount of time in pleasant company but perhaps a painful
string of microseconds in unpleasant company. How many micro-
seconds are in a fortnight?

16 Time standards are now based on atomic clocks. A prom-
ising second standard is based on pulsars, which are rotating
neutron stars (highly compact stars consisting only of neutrons).
Some rotate at a rate that is highly stable, sending out a radio
beacon that sweeps briefly across Earth once with each rotation,
like a lighthouse beacon. Pulsar PSR 1937 + 21 is an example;
it rotates once every 1.557 806 448 872 75 + 3 ms, where the trail-
ing +3 indicates the uncertainty in the last decimal place (it does
not mean +3 ms). (a) How many rotations does PSR 1937 + 21
make in 7.00 days? (b) How much time does the pulsar take to
rotate exactly one million times and (c) what is the associated
uncertainty?
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*17 ssm Five clocks are being tested in a laboratory. Exactly at
noon, as determined by the WWYV time signal, on successive days
of a week the clocks read as in the following table. Rank the five
clocks according to their relative value as good timekeepers, best
to worst. Justify your choice.

Clock  Sun. Mon. Tues. Wed. Thurs. Fri. Sat.

A 12:36:40  12:36:56 12:37:12  12:37:27 12:37:44 12:37:59 12:38:14
11:59:59  12:00:02 11:59:57 12:00:07 12:00:02 11:59:56 12:00:03
15:50:45 15:51:43 15:52:41 15:53:39  15:54:37 15:55:35 15:56:33
12:03:59 12:02:52  12:01:45 12:00:38 11:59:31 11:58:24 11:57:17
12:03:59 12:02:49 12:01:54 12:01:52 12:01:32 12:01:22 12:01:12

m g O w

*¢18 Because Earth’s rotation is gradually slowing, the length of
each day increases: The day at the end of 1.0 century is 1.0 ms longer
than the day at the start of the century. In 20 centuries, what is the
total of the daily increases in time?

eee19 Suppose that, while lying on a beach near the equator
watching the Sun set over a calm ocean, you start a stopwatch just
as the top of the Sun disappears. You then stand, elevating your
eyes by a height H = 1.70 m, and stop the watch when the top of
the Sun again disappears. If the elapsed time is r = 11.1 s, what is
the radius r of Earth?

Module 1-3 Mass

*20 @ The record for the largest glass bottle was set in 1992 by a
team in Millville, New Jersey — they blew a bottle with a volume
of 193 U.S. fluid gallons. (a) How much short of 1.0 million cubic
centimeters is that? (b) If the bottle were filled with water at the
leisurely rate of 1.8 g/min, how long would the filling take? Water
has a density of 1000 kg/m?.

*21 Earth hasamass of 5.98 x 10?* kg. The average mass of the atoms
that make up Earth is 40 u. How many atoms are there in Earth?

*22 Gold, which has a density of 19.32 g/cm?, is the most ductile
metal and can be pressed into a thin leaf or drawn out into a long
fiber. (a) If a sample of gold, with a mass of 27.63 g, is pressed
into a leaf of 1.000 um thickness, what is the area of the leaf?
(b) If, instead, the gold is drawn out into a cylindrical fiber of radius
2.500 ym, what is the length of the fiber?

*23 ssm (a) Assuming that water has a density of exactly 1 g/cm?,
find the mass of one cubic meter of water in kilograms. (b) Sup-
pose that it takes 10.0 h to drain a container of 5700 m® of water.
What is the “mass flow rate,” in kilograms per second, of water
from the container?

ee24 @ Grains of fine California beach sand are approximately
spheres with an average radius of 50 um and are made of silicon
dioxide, which has a density of 2600 kg/m3. What mass of sand grains
would have a total surface area (the total area of all the individual
spheres) equal to the surface area of a cube 1.00 m on an edge?

0025 TARE During heavy rain, a section of a mountainside mea-
suring 2.5 km horizontally, 0.80 km up along the slope, and 2.0 m
deep slips into a valley in a mud slide. Assume that the mud ends
up uniformly distributed over a surface area of the valley measuring
0.40 km x 0.40 km and that mud has a density of 1900 kg/m>. What
is the mass of the mud sitting above a 4.0 m? area of the valley floor?

°¢26 One cubic centimeter of a typical cumulus cloud contains
50 to 500 water drops, which have a typical radius of 10 ym. For

that range, give the lower value and the higher value, respectively,
for the following. (a) How many cubic meters of water are in a
cylindrical cumulus cloud of height 3.0 km and radius 1.0 km?
(b) How many 1-liter pop bottles would that water fill? (c) Water
has a density of 1000 kg/m?3. How much mass does the water in the
cloud have?

©¢27 TIron has a density of 7.87 g/cm?, and the mass of an iron atom
is 9.27 x 1072 kg. If the atoms are spherical and tightly packed,
(a) what is the volume of an iron atom and (b) what is the distance
between the centers of adjacent atoms?

¢28 A mole of atoms is 6.02 x 10?* atoms. To the nearest order
of magnitude, how many moles of atoms are in a large domestic
cat? The masses of a hydrogen atom, an oxygen atom, and a carbon
atom are 1.0 u, 16 u, and 12 u, respectively. (Hint: Cats are some-
times known to kill a mole.)

°¢29 On a spending spree in Malaysia, you buy an ox with
a weight of 28.9 piculs in the local unit of weights: 1 picul = 100 gins,
1 gin = 16 tahils, 1 tahil = 10 chees, and 1 chee = 10 hoons. The
weight of 1 hoon corresponds to a mass of 0.3779 g. When you
arrange to ship the ox home to your astonished family, how much
mass in kilograms must you declare on the shipping manifest?
(Hint: Set up multiple chain-link conversions.)

*¢30 (@ Water is poured into a container that has a small
leak. The mass m of the water is given as a function of time ¢ by
m = 5.008 — 3.00¢ + 20.00, with ¢ > 0, m in grams, and ¢ in seconds.
(a) At what time is the water mass greatest, and (b) what is that
greatest mass? In kilograms per minute, what is the rate of mass
change at (c) t=2.00 s and (d) t = 5.00 s?

eee31 A vertical container with base area measuring 14.0 cm by
17.0 cm is being filled with identical pieces of candy, each with a
volume of 50.0 mm?® and a mass of 0.0200 g. Assume that the volume
of the empty spaces between the candies is negligible. If the height
of the candies in the container increases at the rate of 0.250 cm/s,
at what rate (kilograms per minute) does the mass of the candies in
the container increase?

Additional Problems

32 In the United States, a doll house has the scale of 1:12 of a
real house (that is, each length of the doll house is & that of the
real house) and a miniature house (a doll house to fit within a doll
house) has the scale of 1:144 of a real house. Suppose a real house
(Fig. 1-7) has a front length of 20 m, a depth of 12 m, a height of 6.0 m,
and a standard sloped roof (vertical triangular faces on the ends)
of height 3.0 m. In cubic meters, what are the volumes of the cor-
responding (a) doll house and (b) miniature house?

Figure 1-7 Problem 32.





