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different wavelengths—waves of low frequencies have long wavelengths, and waves 
of high  frequencies have short wavelengths. For example, since the speed of the wave 
is 300,000 km/s, an electric charge oscillating once per second (1 Hz) will produce 
a wave with a wavelength of 300,000 km. This is because only one wavelength  
is  generated in 1 second. If the frequency of oscillation were 10 Hz, then 10 wave-
lengths would be formed in 1 second, and the corresponding wavelength would be 
30,000 km. A frequency of 10,000 Hz would produce a wavelength of 30 km. So, 
the higher the frequency of the vibrating charge, the shorter the wavelength of radiant 
energy.3

We tend to think of space as empty, but only because we cannot see the mon-
tages of electromagnetic waves that permeate every part of our surroundings. We 
see some of these waves, of course, as light. These waves constitute only a micro-
portion of the electromagnetic spectrum. We are unconscious of radio and cell-
phone waves, which engulf us every moment. Free electrons in every piece of metal 
on Earth’s surface continuously dance to the rhythms of these waves. They jiggle 
in unison with the electrons being driven up and down along their transmitting 
antennae. A radio or television receiver is simply a device that sorts and amplifies 
these tiny currents. There is radiation everywhere. Our first impression of the uni-
verse is one of matter and void, but actually the universe is a dense sea of radiation 
occupied only occasionally by specks of matter.

3The relationship is c 5 f l, where c is the wave speed (constant), f   is the frequency, and l is the wavelength.
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F I G U R E  2 6 . 5

Relative wavelengths of red, green, 
and violet light. Violet light has 
nearly twice the frequency of red 
light and half the wavelength.

INTERACTIVE FIGURE

C H E C K  Y O U R  A N S W E R S
Yes and no. Both a radio wave and a light wave are electromagnetic waves emit-
ted by vibrating electrons; radio waves have lower frequencies than light waves, 
so a radio wave may be considered to be a low-frequency light wave (and a light 
wave, similarly, may be considered to be a high-frequency radio wave). But a 
sound wave is a mechanical vibration of matter and is fundamentally different 
from an electromagnetic wave. So a radio wave is definitely not a sound wave.

C H E C K  P O I N T

Are we correct to say that a radio wave is a low-frequency light wave? And 
that a radio wave is also a sound wave?

For quality reception of electromagnetic waves, a 
conventional antenna has to be about one-quarter 
wavelength long. �at’s why, in early mobile devices, 

antennas had to be pulled out before the device was used. 
Nathan Cohen, a professor at Boston University, was 
troubled by a rule in Boston at the time that prohibited 
the use of large external antennas on buildings. So he 
fashioned a small antenna by folding aluminum foil into 
a compact fractal shape (a Van Koch figure—check frac-
tals on the Internet). It worked. He then engineered and 
patented many practical fractal antennas, as did Carles 
Fuente, an inventor in Spain. Both formed fractal-antenna 
companies.

Fractals are fascinating shapes that can be split into parts, 
each of which is (or approximates) a reduced copy of the 

whole. In any fractal, similar 
shapes appear at all levels of 
magnification. Common 
fractals in nature include 
snowflakes, clouds, lightning 
bolts, shorelines, and even 
cauliflower and broccoli.

�e fractal antenna, like other fractals, has a shape that 
repeats itself. Because of its folded self-similar  design, a 
fractal antenna can be compressed and fit into the body 
of the device—it can also simultaneously operate at differ-
ent frequencies. Hence the same antenna can be used for 
mobile-phone conversations and for GPS navigation.

How nice that these devices fit in your pocket. Cheers 
for compact fractal antennas!

FRACTAL ANTENNAS

SCREENCAST: Speed of Light
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help students master important 
topics by interacting with key 
figures, bringing principles to 
life. Hints and specific wrong 

answer feedback help guide 
students toward understanding 
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Assignable, in-depth tutorials guide 
students through the toughest topics 
with individualized coaching. These 
self-paced tutorials coach students 
with hints and feedback specific to 
individual misconceptions. Tutorials  
respond to a wide variety of typical 
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Survey data show that the  
immediate feedback and tutorial  

assistance in MasteringPhysics  
motivate students to do more home-
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more and improve their test scores.
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Gradebook Diagnostics

Learning Outcomes

A learning objective has been added to 
help the students focus on the most  
important concepts in each chapter. 

These learning outcomes are associated  
with content in MasteringPhysics®, 

allowing the work of tracking student 
performance against course learning 
outcomes to be done automatically.

▶

NEW! Learning Catalytics™ is a “bring your own 
device” student engagement, assessment, and classroom 
intelligence system. With Learning Catalytics you can:

Assess students in real time, using open-ended tasks to 
probe student understanding.
Understand immediately where students are and adjust 
your lecture accordingly.
Improve your students’ critical-thinking skills.
Access rich analytics to understand student performance.
Add your own questions to make Learning Catalytics fit 
your course exactly.
Manage student interactions with intelligent grouping 
and timing.

▶

The Gradebook Diagnostics 
screen allows you to quickly 
and easily identify vulnerable 
students, difficult problems,  
and your students’ most  
common misconceptions.

▶

MasteringPhysics is the leading online homework, tutorial, 
and assessment product designed to improve results by help-

ing students quickly master concepts. Students benefit from self-
paced tutorials featuring specific wrong-answer feedback, hints, 
and a huge variety of educationally effective content to keep them 
engaged and on track. Robust diagnostics and unrivaled gradebook 
reporting allow instructors to pinpoint the weaknesses and miscon-
ceptions of a student or class to provide timely intervention.

Student Results

MasteringPhysics.  
It’s magnetic!  
It’s electric!

It will shock you!
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The Conceptual 
Physics Photo Album

Conceptual Physics is a very personal book, reflected in its many photo-
graphs of family and friends, who overlap with colleagues and friends 
worldwide. Many of these people are identified in chapter-opening pho-
tos, and with some exceptions I’ll not repeat their names here. Family 

and friends whose photos are Part Openers, however, are listed here. We begin on 
page 1, where great-nephew Evan Suchocki (pronounced “su-hock-ee” with a silent 
c) holds a pet chickie on my lap.

Part One opens on page 19 with Charlotte Ackerman, the daughter of friends 
Duane Ackerman and Ellen Hum. Part Two opens with Andrea Wu (also on pages  
131 and 492), daughter of my friend in Hawaii, Chiu Man Wu (page 322). 
Part Three opens on page 244 with four-year-old Francesco Ming Giovannuzzi  
from Florence, Italy, grandson of friends Keith and Tsing Bardin (page 245). 
Part Four on page 355 shows Abby Dijamco, daughter of my last CCSF teaching 
assistant, dentist Stella Dijamco. In Part Five, on page 405, is my granddaugh-
ter Megan, daughter of Leslie and Bob Abrams. Part Six, page 485, opens with  
Lillian’s nephew, Christopher Lee. Part Seven, page 452, shows William Davis, son 
of friends Alan and Fe Davis. My granddaughter Grace Hewitt begins Part Eight 
on page 657.

City College of San Francisco friends and colleagues open several chapters and 
are named there. Photos that are figures include Will Maynez, the designer and 
builder of the air track displayed on page 100, and again burning a peanut on page 
298. Diana Lininger Markham is shown on pages 29 and 159. Fred Cauthen drops 
balls on page 127.

Physics instructor friends from other colleges and universities include Evan 
Jones playing with Bernoulli on page 264 and showing LED lighting on page 573. 
Egypt’s Mona El Tawil-Nassar adjusts capacitor plates on page 423. Sanjay Rebello 
from Kansas State University, Manhattan, is shown on page 138. Hawaii’s Walter 
Steiger is on page 627. Chuck Stone of Colorado School of Mines, Golden, shows 
an energy ramp on page 185.

Physics high school teacher friends include retired Marshall Ellenstein, who 
swings the water-filled bucket on page 146, walks barefoot on broken glass on page 
263, and poses with Richard Feynman on page 544. Other physics teachers from 
Illinois are Ann Brandon, riding on a cushion of air on page 268, and Tom Senior, 
making music on page 403.

Family photos begin with wife Lillian and me, showing that you cannot touch 
without being touched on page 81. Another updated photo that links touching to 
Newton’s third law shows my brother Stephen with his daughter Gretchen on page 
87. Stephen’s son Travis is on page 154, and his oldest daughter Stephanie on pages 
230, 543, and 686. My son Paul is shown on pages 305 and 340. Daughter-in-law 
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Ludmila Hewitt holds crossed Polaroids on page 556. The endearing girl on page 
215 is my daughter Leslie Abrams, earth-science coauthor of the Conceptual Physi-
cal Science textbooks. This colorized photo of Leslie has been a trademark of Con-
ceptual Physics since the Third Edition. A more recent photo with her husband Bob 
is on page 486. Their children, Megan and Emily (page 554), along with son Paul’s 
children, Alex (page 90) and Grace (page 391), make up the colorful set of photos 
on page 510. Photos of my late son James are on pages 150, 394, and 536. He left 
me my first grandson, Manuel, seen on pages 234 and 383. Manuel’s grandmom, 
my wife Millie, who passed away in 2004, bravely holds her hand above the active 
pressure cooker on page 306. Brother David and his wife Barbara demonstrate 
atmospheric pressure on page 269. Their son, also David, an electrician, is on 
page 445, and grandson John Perry Hewitt is on page 276. Sister Marjorie Hewitt 
Suchocki, author and emeritus theologian at Claremont School of Theology, il-
lustrates reflection on page 522. Marjorie’s son, John Suchocki, author of Concep-
tual Chemistry, Fifth Edition, and chemistry coauthor of the Conceptual Physical 
Science textbooks, is also a singer-songwriter, known as John Andrew; he strums 
his guitar on page 472. The group listening to music on page 399 is part of John’s 
and Tracy’s wedding party: from left to right, late Butch Orr, niece Cathy Candler 
(page 136 and her son Garth Orr on page 226), bride and groom, niece Joan Lucas 
(page 39), sister Marjorie, Tracy’s parents Sharon and David Hopwood, teachers 
Kellie Dippel and Mark Werkmeister, and me.

Photos of Lillian’s family include her dad (my father-in-law), Wai Tsan Lee, 
showing magnetic induction on page 457, and her mom (my mother-in-law), Siu 
Bik Lee, making good use of solar power on page 315. My nephew and niece, Erik 
and Allison Wong, dramatically illustrate thermodynamics on page 346.

Personal friends who were my former students begin with Tenny Lim, a rocket 
engineer at the Jet Propulsion Lab in Pasadena, drawing her bow on page 115. This 
photo has appeared in every book since the Sixth Edition. She is seen with her 
husband Mark Clark on Segways on page 144. Another of my protégés is rocket-
scientist Helen Yan, who is involved in satellite imaging sensoring for Lockheed 
Martin in Sunnyvale, in addition to teaching physics part-time at CCSF (page 
121), and again posing with Richard Feynman and Marshall Ellenstein on page 
544. On page 150 Cliff Braun is at the far left of my son James in Figure 8.50, with 
nephew Robert Baruffaldi at the far right. Alexei Cogan demonstrates the center of 
gravity on page 143, and the karate gal on page 95 is Cassy Cosme.

Three dear friends from school days are Howard Brand on page 90, Dan John-
son on page 336, and his wife Sue on page 39 (the first rower in the racing shell). 
Dan and Sue Johnson’s grandson Bay plays the piano on page 396. Other cher-
ished friends are Ryan Patterson, resonating on page 383, and Paul Ryan, who 
drags his finger through molten lead on page 331. My science influence from the 
sign-painting days is Burl Grey, shown on page 30 (with a sample sign-painting 
discussion on page 27), and Jacques Fresco is on page 133. Dear friend Dennis 
McNelis is eating pizza on page 309. Larry and Tammy Tunison wear radiation 
badges on page 621 (Tammy’s dogs are on page 320). Greta Novak floats on very 
dense water on page 263, and her son Bruce Novak displays two versions of the 
color spectrum on page 489. Duane Ackerman’s daughter Emily looks through 
novel lenses on page 537. Peter Rea of Arbor Scientific is on page 187. Paul Stok-
stad of PASCO is shown on page 132, and David and Christine Vernier of Vernier 
Software are on page 109.

The inclusion of these people who are so dear to me makes Conceptual Physics 
all the more my labor of love.
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To the Student
You know you can’t enjoy a game unless 

you know its rules; whether it’s a ball game, a 
computer game, or simply a party game.  Likewise, you 
can’t fully appreciate your surroundings until you 
understand the rules of nature.  Physics is the study of 
these rules, which show how everything in nature is 
beautifully connected.  So the main reason to study 
physics is to enhance the way you see the physical 
world.  You’ll see the mathematical structure of physics 
in frequent equations, but more than being recipes for 
computation, you’ll see the equations as guides to 

thinking.                             
I enjoy physics, and you will too 
— because you’ll understand it.  
So go for comprehension of 
concepts as you read this book, 
and if more computation is on 
your menu, check out Problem 
Solving in Conceptual Physics, 
the ancillary book by Phil Wolf 
and me. Your understanding of 
physics should soar.

Enjoy your physics!
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T  he sequence of chapters in this Twelfth Edition is identical to that in the  
  previous edition. New to this edition are expanded personality profiles  
  at the beginning of every chapter, highlighting a scientist, teacher, or  
  historical figure who complements the chapter material. Each chapter 

begins with a photo montage of educators, and sometimes their children, who bring 
life to the learning of physics.

As in the previous edition, Chapter 1, “About Science,” begins your course on a 
high note with coverage of early measurements of the Earth and distances to the 
Moon and the Sun. It is hoped that the striking photos of wife Lillian surrounded 
by spots of light on the sidewalk beneath a tall tree will prompt one of my favorite 
projects that has students investigating the round spot cast by a small hole in a 
card held in sunlight—and then going further to show that simple measurements 
lead to finding the Sun’s diameter. This project extends to the Practice Book and 
the Lab Manual.

Part One, “Mechanics,” begins with Chapter 2, which, as in the previous edi-
tion, presents a brief historical overview of Aristotle and Galileo, progressing to 
Newton’s first law and to mechanical equilibrium. Force vectors are introduced, 
primarily for forces that are parallel to one another. Vectors are extended to veloc-
ity in the following Chapter 3, and Chapter 5 treats both force and velocity vectors 
and their components.

Chapter 3, “Linear Motion,” is the only chapter in Part One that is devoid of 
physics laws. Kinematics has no laws, only definitions, mainly for speed, velocity, 
and acceleration—likely the least exciting concepts that your course has to offer. 
Too often kinematics becomes a pedagogical “black hole” of instruction—too 
much time for too little physics. Being more math than physics, the kinematics 
equations can appear to the student as the most intimidating in the book. Although 
the experienced eye doesn’t see them as such, this is how students first see them:

 % = %0 + d∍

 % = %0∍    + 1
2 d∍  2

 %2 = %0
2 + 2d%

 %a = 1
21%0 + %2

If you wish to reduce class size, display these equations on the first day and an-
nounce that class effort for much of the term will be on making sense of them. 
Don’t we do much the same with the standard symbols?

Ask any college graduate two questions: What is the acceleration of an object in 
free fall? What keeps Earth’s interior hot? You’ll see what their education focused 
on because many more will correctly answer the first question than the second. 
Traditionally, physics courses have been top-heavy in kinematics with little or no 
coverage of modern physics. Radioactive decay almost never gets the attention given 
to falling bodies. So my recommendation is to pass quickly through Chapter 3, 
making the distinction between velocity and acceleration, and then to move on to 

To the Instructor
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Chapter 4, “Newton’s Second Law of Motion,” where the concepts of velocity and 
acceleration find their application.

Chapter 5 continues with Newton’s third law. More on vectors is found in 
Appendix D and especially in the Practice Book.

Chapter 6, “Momentum,” is a logical extension of Newton’s third law. One 
reason I prefer teaching it before teaching energy is that students find mv much 
simpler and easier to grasp than 1

2 mv 2. Another reason for treating momentum 
first is that the vectors of previous chapters are employed with momentum but not 
with energy.

Chapter 7, “Energy,” is a longer chapter, rich with everyday examples and cur-
rent energy concerns. Energy is central to mechanics, so this chapter has the great-
est amount of chapter-end material (80 exercises). Work, energy, and power also 
get generous coverage in the Practice Book.

After Chapters 8 and 9 (on rotational mechanics and gravity), mechanics cul-
minates with Chapter 10 (on projectile motion and satellite motion). Students are 
fascinated to learn that any projectile moving fast enough can become an Earth 
satellite. Moving even faster, it can become a satellite of the Sun. Projectile motion 
and satellite motion belong together.

Part Two, “Properties of Matter,” features chapters on atoms, solids, liquids, and 
gases, which are much the same as the previous edition. New applications, some 
quite enchanting, enhance the flavor of these chapters.

Parts Three through Eight continue, like earlier parts, with enriched exam-
ples of current technology. New lighting with CFLs and LEDs in Chapter 23 has 
added treatment in Chapter 30. The chapters with the fewest changes are Chapters 
35 and 36 on special and general relativity, respectively.

At the end of each of the eight parts is a Practice Exam, most featuring 30 
multiple-choice questions. Answers appear at the end of the book as in the previous 
edition. Odd-numbered answers and solutions to all chapter-end material are given 
at the end of the book.

As in previous editions, some chapters include short boxed essays on such topics 
as energy and technology, railroad train wheels, magnetic strips on credit cards, 
and magnetically levitated trains. Also featured are boxes on pseudoscience, cul-
minating with the public phobia about food irradiation and anything nuclear. To 
the person who works in the arena of science, who knows about the care, check-
ing, and cross-checking that go into understanding something, pseudoscientific 
misconceptions are laughable. But to those who don’t work in the science arena, 
including even your best students, pseudoscience can seem compelling when pur-
veyors clothe their wares in the language of science while skillfully sidestepping the 
tenets of science. Our hope is to help stem this rising tide.

End-of-chapter material begins with a Summary of Terms. Following are 
Reading Check Questions that summarize the main points of the chapter. Stu-
dents can find the answers to these questions, word for word, in the reading. The 
Plug and Chug exercises are for familiarity with equations. As introduced in pre-
vious editions, many good comments have come from the Think and Rank ex-
ercises. Critical thinking is required in comparing quantities in similar situations. 
Getting an answer is not enough; the answer must be compared with others and a 
ranking from most to least is asked for. I consider this the most worthwhile offer-
ing in the chapter-end material.

Think and Explain exercises are the nuts and bolts of conceptual physics. Many 
require critical thinking, while some are designed to connect concepts to familiar 
situations. Most chapters also have Think and Discuss sections (which are tai-
lored for student discussion). More math-physics challenges are found in the sets of 
Think and Solve exercises. These problems are much less numerous than Think 
and Explains and Think and Ranks. Many more problems are available in the 
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student supplement, Problem Solving in Conceptual Physics, coauthored with 
Phil Wolf. While problem solving is not the main thrust of a conceptual course, 
Phil and I, like most physics instructors, nevertheless love solving problems. In a 
novel and student-friendly way, our supplement features problems that are more 
physics than math, nicely extending Conceptual Physics—even to student-friendly 
algebraic courses that feature problem solving. Problem solutions are included in 
the Instructor Resources area of MasteringPhysics.

The most important ancillary to this book is the Practice Book, which con-
tains my most creative writings and drawings. These work pages guide students 
step by step toward understanding the central concepts. There are one or more 
practice pages for nearly every chapter in the book. They can be used inside or out-
side of class. In my teaching I passed out copies of selected pages as home tutors.

The Laboratory Manual coauthored with Dean Baird that accompanies this 
edition provides a great variety of activities and lab exercises. The polishing that 
Dean gives this material is extraordinary.

Next-Time Questions, familiar to readers of The Physics Teacher as Figuring  
Physics, are available electronically and are more numerous than ever before. 
When sharing these with your classes, please do not show the question(s) and 
the answer(s). Allow sufficient “wait time” between the question and the answer 
for your students to discuss the answer before showing it “next time” (which at 
a minimum should be the next class meeting, or even next week). Thus the title 
named appropriately “Next-Time Questions.” More learning occurs when students 
ponder answers before being given them. Next-Time Questions are included on 
the Instructor Resource DVD (IRDVD). They are also available at the Arborsci 
.com website.

The Instructor Manual for the textbook and Laboratory Manual, like previ-
ous ones, features demonstrations and suggested lectures for every chapter. It in-
cludes answers to all end-of-chapter material. If you’re new to teaching this course, 
you’ll likely find it enormously useful. It sums up “what works” in my more than  
30 years of teaching.

The Instructor Resource DVD provides a wealth of presentation tools to help 
support your instruction. In a word, it is sensational! It includes “everything you 
could ask for as a teaching resource,” including lecture outlines for each chapter in 
PowerPoint and chapter-by-chapter weekly in-class quizzes in PowerPoint for use 
with Classroom Response Systems (easy-to-use wireless polling systems that allow 
you to pose questions in class, have each student vote, and then display the results 
in real time). The IRDVD also provides all the art and photos from the book (in 
high-resolution jpeg format), the Test Bank, Next-Time Questions, and the In-
structor Manual in editable Word format.

Last but not least is MasteringPhysics. . . .
Innovative, targeted, and effective online learning media is easily integrated 

into your course using MasteringPhysics to assign tutorials, quizzes, and other 
activities as out-of-class homework or projects that are automatically graded and 
recorded. Simple icons throughout the text highlight key tutorials, interactive 
figures, and other online resources available in the Mastering study area. The 
instructor resources are also available for download. A chapter section guide in 
the study area summarizes the media available to you and your students, chapter 
by chapter.

For more information on the support ancillaries, see http://www.pearsonhighered 
.com/physics, contact your Pearson representative, or contact me at pghewitt@aol 
.com.

http://www.pearsonhighered.com/physics
http://www.pearsonhighered.com/physics
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New Features in This Edition
The greatest addition to this edition are the 147 Hewitt-Drew-It screencasts that 
have been featured on YouTube since 2012. QR codes throughout the book link 
the student to these tutorial lessons that have been created by me and embellished 
by my wife. We feel that these lessons are our most recent and important contribu-
tion to making physics correct and understandable. They nicely complement the 
chapter material of this edition. Simply scan the QR codes in the book with your 
smartphone or electronic device and a QR code reader app. After scanning the 
code, you will be able to view the Hewitt-Drew-It screencasts online. (Note: Data 
usage charges may apply.)

The profiles of physicists and physics educators in the previous edition are still 
included, with new people added throughout. By learning more about the people 
behind the chapter content, the reader gets a more personalized flavor of physics.

More on force and velocity vectors and climate change is in this edition. New 
updates to current-day physics are found throughout the book. New boxes include 
3-D printing, GPS operation, and the Higgs boson.

The chapter-end material has been reorganized, with consecutive numbering to 
assist in making assignments.

I regard this as the best physics book I have ever written.

TO THE INSTRUC TOR

SCREENCAST: Conservation  
of Momentum



xxv

Iremain enormously grateful to Kenneth Ford for checking accuracy and for his 
many insightful suggestions. Many years ago, I admired one of Ken’s books, 
Basic Physics, which first inspired me to write Conceptual Physics. Today I am 
honored that he has devoted so much of his time and energy to making this 

edition a beautiful book. Errors invariably appear after manuscript is submitted, so 
I take full responsibility for any errors that have survived his scrutiny.

For insightful additions I thank my wife Lillian, Bruce Novak, Marshall Ellen-
stein, and Evan Jones. I appreciate the suggestions of Tomas Brage, J. Ronald Galli, 
John Hubisz, David Kagan, Sebastian Kuhn, Carlton Lane, Anne Tabor-Morris, 
Derek Muller, Fred Myers, Chris Thron, Jeff Wetherhold, and P. O. Zetterberg.

For valued suggestions from previous editions, I thank my friends Dean Baird, 
Howard Brand, George Curtis, Alan Davis, Marshall Ellenstein, Mona El Tawil-
Nassar, Herb Gottlieb, Jim Hicks, Peter Hopkinson, John Hubisz, Marilyn 
Hromatko, Dan Johnson, David Kagan, Juliet Layugan, Paul McNamara, Fred 
Myers, Diane Riendeau, Chuck Stone, Lawrence Weinstein, and Phil Wolf. Others 
who provided suggestions in years past include Matthew Griffiths, Paul Hammer, 
Francisco Izaguirre, Les Sawyer, Dan Sulke, and Richard W. Tarara. I am forever 
grateful to the input of my Exploratorium friends and colleagues: Judith Brand, 
Paul Doherty, Ron Hipschman, Eric Muller, and Modesto Tamez.

I remain grateful to the authors of books that initially served as influences 
and references many years ago: Theodore Ashford, From Atoms to Star; Albert 
Baez, The New College Physics: A Spiral Approach; John N. Cooper and Alpheus 
W. Smith, Elements of Physics; Richard P. Feynman, The Feynman Lectures on 
Physics; Kenneth Ford, Basic Physics; Eric Rogers, Physics for the Inquiring Mind;
Alexander Taffel, Physics: Its Methods and Meanings; UNESCO, 700 Science 
Experiments for Everyone; and Harvey E. White, Descriptive College Physics.

I remain thankful to Robert Park, whose book Voodoo Science motivated me to 
include boxes on pseudoscience.

For the Problem Solving in Conceptual Physics ancillary, coauthored with Phil 
Wolf, we both thank Tsing Bardin, Howard Brand, George Curtis, Ken Ford, 
Herb Gottlieb, Jim Hicks, David Housden, Evan Jones, Chelcie Liu, Fred Myers, 
Diane Riendeau, Stan Schiocchio, John Sperry, and David Williamson for valu-
able feedback.

I am particularly grateful to my wife, Lillian Lee Hewitt, for new photos and 
assistance in all phases of book-and-ancillary preparation. I’m grateful to my niece 
Gretchen Hewitt Rojas for photo assistance. My greatest appreciation goes to Ken 
Ford and Bruce Novak, who gave particular attention to this edition. Bringing 
Bruce on board was very, very fortunate.

For their dedication, I am grateful to the staff at Addison-Wesley in San Fran-
cisco. I am especially thankful to Jim Smith, editor-in-chief, and Chandrika 
Madhavan, project editor. I thank Cindy Johnson, project manager, Carol Reitz, 
copyeditor, and the production staff at Cenveo Publisher Services for their pa-
tience with my last-minute editing and revising or fine-tuning requests. I’ve been 
blessed with a first-rate team!

Paul G. Hewitt
St. Petersburg, Florida
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Wow Great Uncle Paul! Before this chickie 
exhausted its inner space resources and poked 
out of its shell, it must have thought it was at 
its last moments. But what seemed like its end 
was a new beginning. Are we like chickies, ready 
to poke through to a new environment and a 
new understanding of our place in the universe?



1   The circular spots of light surrounding Lillian are 
“pinhole” images of the Sun, cast through small openings 
between leaves above.  2   A full view of the Sun is blocked 
as the Moon progresses in front of the Sun.  3   The circular 
spots become crescents during the partial solar eclipse.
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Being second best was not all that bad for Greek 
mathematician Eratosthenes of Cyrene (276–194 
). He was nicknamed “beta” by his contem-

poraries who judged him second best in many fields, 
including mathematics, philosophy, athletics, and 
astronomy. Perhaps he took second prizes in running 
or wrestling contests. He was one of the early librar-
ians at the world’s then-greatest library, the Mouseion, 
in Alexandria, Egypt, founded by Ptolemy II Soter. 
Eratosthenes was one of the foremost scholars of his 
time and wrote on philosophical, scientific, and liter-
ary matters. His reputation among his contemporaries 
was immense—Archimedes dedicated a book to him. 
As a mathematician, he invented a method for finding 
prime numbers. As a geographer, he measured the tilt of 
Earth’s axis with great accuracy and wrote Geography, 
the first book to give geography a mathematical basis 
and to treat Earth as a globe divided by latitudes and 
into frigid, temperate, and torrid zones.

The classical works of Greek literature were preserved 
at the Mouseion, which was host to numerous scholars  
and contained hundreds of thousands of papyrus and  
vellum scrolls. But this human treasure wasn’t appreciated  

by everybody. Much infor-
mation in the Mouseion 
conflicted with cherished 
beliefs held by others. 
Threatened by its “her-
esies,” the great library was 
burned and completely 
destroyed. Historians are 
unsure of the culprits, who 
were likely guided by the 
certainty of their truths. 
Being absolutely certain, 
having absolutely no doubts, is certitude—the root 
cause of much of the destruction, human and oth-
erwise, in the centuries that followed. Eratosthenes 
didn’t witness the destruction of his great library, for it 
occurred after his lifetime.

Today Eratosthenes is most remembered for his amaz-
ing calculation of Earth’s size, with remarkable accuracy 
(2000 years ago with no computers and no artificial 
satellites—using only good thinking, geometry, and 
simple measurements). In this chapter you will see how 
he accomplished this.

	 1.1	 Scientific Measurements
Measurements are a hallmark of good science. How much you know about 
something is often related to how well you can measure it. This was well put 
by the famous physicist Lord Kelvin in the 19th century: “I often say that when 
you can measure something and express it in numbers, you know something 
about it. When you cannot measure it, when you cannot express it in numbers, 
your knowledge is of a meager and unsatisfactory kind. It may be the beginning 
of knowledge, but you have scarcely in your thoughts advanced to the stage of 
science, whatever it may be.” Scientific measurements are not something new 
but go back to ancient times. In the 3rd century , for example, fairly accurate 
measurements were made of the sizes of the Earth, Moon, and Sun, and the 
distances between them.

How Eratosthenes Measured the Size of Earth
The size of Earth was first measured in Egypt by Eratosthenes in about 235 . 
He calculated the circumference of Earth in the following way. He knew that the 
Sun is highest in the sky at noon on the day of the summer solstice (which occurs 
around June 21 on today’s calendars). At this time, a vertical stick casts its short-
est shadow. If the Sun is directly overhead, a vertical stick casts no shadow at all. 
Eratosthenes learned from library information that the Sun was directly overhead 
at noon on the day of the summer solstice in Syene, a city south of Alexandria 
(where the Aswan Dam stands today). At this particular time, sunlight shines 
directly down a deep well in Syene and is reflected back up again. Eratosthenes 
reasoned that, if the Sun’s rays were extended into Earth at this point, they would 
pass through the center. Likewise, a vertical line extended into Earth at Alexandria 
(or anywhere else) would also pass through Earth’s center.

3CHAP TER 1    ABOUT SCIENCE
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At noon on June 22, Eratosthenes measured the shadow cast by a vertical pil-
lar in Alexandria and found it to be 1/8 the height of the pillar (Figure 1.1). This 
corresponds to a 7.1° angle between the Sun’s rays and the vertical pillar. Since 
7.1° is 7.1/360, or about 1/50 of a circle, Eratosthenes reasoned that the distance 
between Alexandria and Syene must be 1/50 the circumference of Earth. Thus the 
circumference of Earth becomes 50 times the distance between these two cities. 
This distance, quite flat and frequently traveled, was measured by surveyors to be 
about 5000 stadia (800 kilometers). So Eratosthenes calculated Earth’s circumfer-
ence to be 50 * 5000 stadia =  250,000 stadia. This is very close to the currently 
accepted value of Earth’s circumference.

We get the same result by bypassing degrees altogether and comparing the 
length of the shadow cast by the pillar to the height of the pillar. Geometrical rea-
soning shows, to a close approximation, that the ratio shadow length/pillar height is 
the same as the ratio distance between Alexandria and Syene/Earth’s radius. So, just 
as the pillar is 8 times taller than its shadow, the radius of Earth must be 8 times 
greater than the distance between Alexandria and Syene.

Since the circumference of a circle is 2p times its radius (C =  2pr), Earth’s 
radius is simply its circumference divided by 2p. In modern units, Earth’s radius 
is 6370 kilometers and its circumference is 40,000 km.

Size of the Moon
Another Greek scientist of the same era was Aristarchus, who was likely the first to 
suggest that Earth spins on its axis once a day, which accounted for the daily mo-
tion of the stars. He also hypothesized that Earth moves around the Sun in a yearly 
orbit and that the other planets do likewise.1 Aristarchus correctly calculated the 
Moon’s diameter and its distance from Earth. He accomplished all this in about 
240 , seventeen centuries before his findings were fully accepted.

Science is the body of knowledge 
that describes the order within  
nature and the causes of that 
order. Science is also an ongoing 
human activity that represents the 
collective efforts, findings, and 
wisdom of the human race, an 
activity that is dedicated to  
gathering knowledge about the 
world and organizing and con-
densing it into testable laws and 
theories. Science had its begin-
nings before recorded history, 
when people first discovered regu-
larities and relationships in nature, 
such as star patterns in the night 
sky and weather patterns—when 
the rainy season started or when 
the days grew longer. From these 
regularities, people learned  
to make predictions that gave 
them some control over their  
surroundings.

Science made great headway in 
Greece in the 4th and 3rd centuries 
BC, and spread throughout the 
Mediterranean world. Scientific 
advance came to a near halt in  
Europe when the Roman Empire 
fell in the 5th century AD. Barbarian 
hordes destroyed almost every-
thing in their paths as they overran 
Europe. Reason gave way to reli-
gion, which plunged Europe into 
the Dark Ages. During this time, 
the Chinese and Polynesians were 
charting the stars and the planets 
and Arab nations were developing 
mathematics and learning about 
the production of glass, paper, 
metals, and various chemicals. 
Greek science was re-introduced 
to Europe by Islamic influences 
that penetrated into Spain during 
the 10th, 11th, and 12th centuries. 
Universities emerged in Europe in 
the 13th century, and the introduc-
tion of gunpowder changed the 
social and political structure of 
Europe in the 14th century. In the 
15th century art and science were 
beautifully blended by Leonardo 
da Vinci. Scientific thought was 
furthered in the 16th century with 
the advent of the printing press.

F I G U R E  1 .1
When the Sun is directly overhead at Syene, it is not directly overhead in Alexandria, 800 
km north. When the Sun’s rays shine directly down a vertical well in Syene, they cast a 
shadow of a vertical pillar in Alexandria. The verticals at both locations extend to the 
center of Earth, and they make the same angle that the Sun’s rays make with the pillar at 
Alexandria. Eratosthenes measured this angle to be 1/50 of a complete circle. Therefore, 
the distance between Alexandria and Syene is 1/50 Earth’s circumference.

N

Shadow Vertical at Alexandria

Practically parallel sunbeams

Vertical well

Vertical

Alexandria

Syene
7.1°

7.1°

S

pillar

1Aristarchus was unsure of his heliocentric hypothesis, likely because Earth’s unequal seasons seemed not to 
support the idea that Earth circles the Sun. More important, it was noted that the Moon’s distance from Earth 
varies—clear evidence that the Moon does not perfectly circle Earth. If the Moon does not follow a circular 
path about Earth, it was hard to argue that Earth follows a circular path about the Sun. The explanation, 
the elliptical paths of planets, was not discovered until centuries later by Johannes Kepler. In the meantime, 
epicycles proposed by other astronomers accounted for these discrepancies. It is interesting to speculate about 
the course of astronomy if the Moon didn’t exist. Its irregular orbit would not have contributed to the early 
discrediting of the heliocentric theory, which might have taken hold centuries earlier.
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Aristarchus compared the size of the Moon with the size of Earth by watch-
ing an eclipse of the Moon. Earth, like any body in sunlight, casts a shadow. An 
eclipse of the Moon is simply the event in which the Moon passes into this shad-
ow. Aristarchus carefully studied this event and found that the width of Earth’s 
shadow out at the Moon was 2.5 Moon diameters. This would seem to indicate 
that the Moon’s diameter is 2.5 times smaller than Earth’s. But, because of the 
huge size of the Sun, Earth’s shadow tapers, as evidenced during a solar eclipse. 
(Figure 1.2 shows this in exaggerated scale.) At that time, Earth intercepts the 
Moon’s shadow—but just barely. The Moon’s shadow tapers almost to a point at 
Earth’s surface, evidence that the taper of the Moon’s shadow at this distance is 
1 Moon diameter. So during a lunar eclipse Earth’s shadow, covering the same 
distance, must also taper 1 Moon diameter. If the tapering of the Sun’s rays is 
taken into account, Earth’s diameter must be (2.5 + 1) times the Moon’s diameter. 
In this way, Aristarchus showed that the Moon’s diameter is 1/3.5 that of Earth’s. 
The presently accepted diameter of the Moon is 3640 km, within 5% of the value 
calculated by Aristarchus.

The 16th-century Polish astrono-
mer Nicolaus Copernicus caused 
great controversy when he 
published a book proposing that 
the Sun is stationary and that 
Earth revolves around the Sun. 
These ideas conflicted with the 
popular view that Earth was the 
center of the universe. They also 
conflicted with Church teachings 
and were banned for 200 years. 
The Italian physicist Galileo Galilei 
was arrested for popularizing the 
Copernican theory and for some 
astronomical discoveries of his 
own. Yet, a century later, the ideas 
of Copernicus and Galileo were 
generally accepted.

This kind of cycle happens age 
after age. In the early 1800s, ge-
ologists met with violent condem-
nation because they differed with 
the Genesis account of creation. 
Later in the same century, geology 
was accepted, but theories of evo-
lution were condemned and the 
teaching of them was forbidden. 
Every age has its groups of intel-
lectual rebels who are condemned 
and sometimes persecuted at the 
time but who later seem harm-
less and often essential to the 
elevation of human conditions. 
As Count M. Maeterlinck wisely 
said, “At every crossway on the 
road that leads to the future, each 
progressive spirit is opposed by a 
thousand men appointed to guard 
the past.”

F I G U R E  1 . 2
During a lunar eclipse, Earth’s 
shadow is observed to be 2.5 times as 
wide as the Moon’s diameter. Because 
of the Sun’s large size, Earth’s shadow 
must taper. The amount of taper is 
evident during a solar eclipse, where 
the Moon’s shadow tapers a whole 
Moon diameter from Moon to Earth. 
So Earth’s shadow tapers the same 
amount in the same distance. There-
fore, Earth’s diameter must be 3.5 
Moon diameters.

Light rays from

Moon’s orbit

Moon during
solar eclipse

Moon’s shadow
tapers 1 Moon diameter

Earth
Earth’s shadow is 2.5 times

wider than Moon

Moon during
lunar eclipse

Light rays from

upper edge of Sun

lower edge of Sun

F I G U R E  1 . 3
Correct scale of solar and lunar eclipses, which shows why a perfect lineup of the Sun, 
Moon, and Earth is rare. (Eclipses are even rarer because the Moon’s orbit is tilted about 5° 
from the plane of Earth’s orbit about the Sun.)

Sun Moon’s orbit

Earth
(too small to see)

Distance to the Moon
Tape a small coin, such as a dime, to a window and view it with one eye so that it just 
blocks out the full Moon. This occurs when your eye is about 110 coin diameters 
away from the coin. Then the ratio coin diameter/coin distance is about 1/110. Geo-
metrical reasoning from similar triangles shows this is also the ratio Moon diameter/
Moon distance (Figure 1.4). So the distance from you to the Moon is 110 times the 
Moon’s diameter. The early Greeks knew this. Aristarchus’s measurement of the 
Moon’s diameter was all that was needed to calculate the Earth–Moon distance. So 
the early Greeks knew both the size of the Moon and its distance from Earth.

With this information, Aristarchus calculated the Earth–Sun distance.
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Distance to the Sun
If you were to repeat the coin-and-Moon exercise for the Sun (which would be 
dangerous to do because of the Sun’s brightness), guess what? The ratio Sun diam-
eter/Sun distance is also 1/110. This is because the sizes of the Sun and Moon are 
both the same to the eye. They both taper the same angle (about 0.5°). However, 
although the ratio of diameter to distance was known to the early Greeks, diam-
eter alone or distance alone would have to be determined by some other means. 
Aristarchus found a method for doing this. Here’s what he did.

Aristarchus watched for the phase of the Moon when it was exactly half full, 
with the Sun still visible in the sky. Then the sunlight must be falling on the Moon 
at right angles to his line of sight. This meant that the lines between Earth and the 
Moon, between Earth and the Sun, and between the Moon and the Sun form a 
right triangle (Figure 1.5).

A rule of trigonometry states that, if you know all the angles in a right triangle 
plus the length of any one of its sides, you can calculate the length of any other 
side. Aristarchus knew the distance from Earth to the Moon. At the time of the 
half Moon he also knew one of the angles, 90°. All he had to do was measure  
the second angle between the line of sight to the Moon and the line of sight to the 
Sun. Then the third angle, a very small one, is 180° minus the sum of the first two 
angles (the sum of the angles in any triangle 5 180°).

Measuring the angle between the lines of sight to the Moon and Sun is difficult to 
do without a modern transit. For one thing, both the Sun and Moon are not points, 
but are relatively big. Aristarchus had to sight on their centers (or either edge) and 
measure the angle between—quite large, almost a right angle itself! By modern-day 

F I G U R E  1 . 4
An exercise in ratios: When the coin barely “eclipses” the Moon, the ratio of the diameter 
of the coin to the distance between you and the coin is equal to the ratio of the diameter 
of the Moon to the distance between you and the Moon (not to scale here). Measurements 
give a value of 1/110 for both ratios.

Diameter of coin
Diameter of Moon

Distance to coin
Distance to Moon

Coin diameter

Coin distance

Moon diameter

Moon distance

1
==

110

F I G U R E  1 . 5
When the Moon appears exactly half full, the Sun, Moon, and Earth form a right triangle 
(not to scale). The hypotenuse is the Earth–Sun distance. By simple trigonometry, the 
hypotenuse of a right triangle can be found if you know the size of either nonright angle 
and the length of one side. The Earth–Moon distance is a side of known length. Measure 
angle X and you can calculate the Earth–Sun distance.

Sun

Half Moon

Earth

90°

X

The Sun is directly overhead at 
noon only near the equator. Stand-
ing in the sunshine at the equator, 
you cast no shadow. At locations 
farther from the equator, the Sun 
is never directly overhead at noon. 
The farther you stand from the 
equator, the longer is the shadow 
your body casts.

SCREENCAST: Pinhole Images
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standards, his measurement was very crude. He measured 87°, while the true value 
is 89.8°. He figured the Sun to be about 20 times farther away than the Moon, when 
in fact it is about 400 times as distant. So, although his method was ingenious, his 
measurements were crude. Perhaps Aristarchus found it difficult to believe the Sun 
was so far away, and he erred on the nearer side. We don’t know.

Today we know the Sun is an average of 150,000,000 kilometers from Earth. It 
is somewhat closer to Earth in December (147,000,000 km) and somewhat farther 
away in June (152,000,000 km).

Size of the Sun
Once the distance to the Sun is known, the 1/110 ratio of diameter/distance enables a 
measurement of the Sun’s diameter. Another way to measure the 1/110 ratio, besides 
the method of Figure 1.4, is to measure the diameter of the Sun’s image cast through a 
pinhole opening. You should try this. Poke a hole in a sheet of opaque cardboard and 
let sunlight shine on it. The round image that is cast on a surface below is actually an 
image of the Sun. You’ll see that the size of the image does not depend on the size of 
the pinhole but, rather, on how far away the pinhole is from the image. Bigger holes 
make brighter images, not bigger ones. Of course, if the hole is very big, no image is 
formed. Careful measurement will show that the ratio of image size to pinhole distance 
is 1/110—the same as the ratio Sun diameter/Sun–Earth distance (Figure 1.6).

Interestingly, at the time of a partial solar eclipse, the image cast by the pinhole 
will be a crescent shape—the same as that of the partially covered Sun. This pro-
vides an alternate way to view a partial eclipse without looking at the Sun.

Have you noticed that the spots of sunlight you see on the ground beneath trees are 
perfectly round when the Sun is overhead and spread into ellipses when the Sun is low 
in the sky? These are pinhole images of the Sun, where sunlight shines through open-
ings in the leaves that are small compared with the distance to the ground below. A 
round spot 10 centimeters in diameter is cast by an opening that is 110 3 10 cm above 
ground. Tall trees make large images; short trees make small images. And, at the time 
of a partial solar eclipse, the images are crescents (Figure 1.7).

F I G U R E  1 . 6
The round spot of light cast by the 
pinhole is an image of the Sun. Its 
diameter/distance ratio is the same as 
the Sun diameter/Sun–Earth distance 
ratio, 1/110. The Sun’s diameter is 
1/110 its distance from Earth.
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F I G U R E  1 . 8
Renoir accurately painted the spots of sunlight on his subjects’ clothing and surround-
ings—images of the Sun cast by relatively small openings in the leaves above.

F I G U R E  1 . 7
The crescent-shaped spots of sunlight 
are images of the Sun when it is 
partially eclipsed.
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Mathematics—The Language of Science
Science and human conditions advanced dramatically after the integration of sci-
ence and mathematics some four centuries ago. When the ideas of science are 
expressed in mathematical terms, they are unambiguous. The equations of science 
provide compact expressions of relationships between concepts. They don’t have 
the multiple meanings that so often confuse the discussion of ideas expressed in 
common language. When findings in nature are expressed mathematically, they 
are easier to verify or to disprove by experiment. The mathematical structure of 
physics will be evident in the many equations you will encounter throughout this 
book. The equations are guides to thinking that show the connections between 
concepts in nature. The methods of mathematics and experimentation led to enor-
mous success in science.2

	 1.2	 Scientific Methods
There is no one scientific method. But there are common features in the way 
scientists do their work, dating back to the Italian physicist Galileo Galilei 
(1564–1642) and the English philosopher Francis Bacon (1561–1626). They 
broke free from the methods of the Greeks, who worked “upward or downward,” 
depending on the circumstances, reaching conclusions about the physical world 
by reasoning from arbitrary assumptions (axioms). The modern scientist works 
“upward,” first examining the way the world actually works and then building a 
structure to explain the findings.

Although no cookbook description of the scientific method is really adequate, 
some or all of the following steps are likely to be found in the way most scientists 
carry out their work.
	 1.	Recognize a question or a puzzle—such as an unexplained fact.
	 2.	Make an educated guess—a hypothesis—that might resolve the puzzle.
	 3.	Predict consequences of the hypothesis.
	 4.	Perform experiments or make calculations to test the predictions.
	 5.	Formulate the simplest general rule that organizes the three main ingredients: 

hypothesis, predicted effects, and experimental findings.
Although these steps are appealing, much progress in science has come from 

trial and error, experimentation without hypotheses, or just plain accidental dis-
covery by a well-prepared mind. The success of science rests more on an attitude 
common to scientists than on a particular method. This scientific attitude is one 
of inquiry, integrity, and humility—that is, a willingness to admit error.

The Scientific Attitude
It is common to think of a fact as something that is unchanging and absolute. But, 
in science, a fact is generally a close agreement by competent observers who make 
a series of observations about the same phenomenon. For example, although it was 
once a fact that the universe is unchanging and permanent, today it is a fact that 
the universe is expanding and evolving. A scientific hypothesis, on the other hand, 
is an educated guess that is only presumed to be factual until supported by experi-
ment. When a hypothesis has been tested over and over again and has not been 
contradicted, it may become known as a law or principle.

2 We distinguish between the mathematical structure of physics and the practice of mathematical problem 
solving—the focus of most nonconceptual courses. Note the relatively small number of problems at the ends 
of the chapters in this book, compared with the number of exercises. The focus is on comprehension comfort-
ably before computation. Additional problems are in the Problem Solving in Conceptual Physics ancillary book.

Science is a way of knowing about 
the world and making sense of it.
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If a scientist finds evidence that contradicts a hypothesis, law, or principle, then, 
in the scientific spirit, it must be changed or abandoned—regardless of the reputa-
tion or authority of the persons advocating it (unless the contradicting evidence, 
upon testing, turns out to be wrong—which sometimes happens). For example, 
the greatly respected Greek philosopher Aristotle (384–322 ) claimed that an 
object falls at a speed proportional to its weight. This idea was held to be true for 
nearly 2000 years because of Aristotle’s compelling authority. Galileo allegedly 
showed the falseness of Aristotle’s claim with one experiment—demonstrating that 
heavy and light objects dropped from the Leaning Tower of Pisa fell at nearly 
equal speeds. In the scientific spirit, a single verifiable experiment to the contrary 
outweighs any authority, regardless of reputation or the number of followers or 
advocates. In modern science, argument by appeal to authority has little value.3

Scientists must accept their experimental findings even when they would like 
them to be different. They must strive to distinguish between what they see and 
what they wish to see, for scientists, like most people, have a vast capacity for fooling 
themselves.4 People have always tended to adopt general rules, beliefs, creeds, ideas, 
and hypotheses without thoroughly questioning their validity and to retain them 
long after they have been shown to be meaningless, false, or at least questionable. 
The most widespread assumptions are often the least questioned. Most often, when 
an idea is adopted, particular attention is given to cases that seem to support it, while 
cases that seem to refute it are distorted, belittled, or ignored.

Scientists use the word theory in a way that differs from its usage in everyday 
speech. In everyday speech, a theory is no different from a hypothesis—a sup-
position that has not been verified. A scientific theory, on the other hand, is a 
synthesis of a large body of information that encompasses well-tested and veri-
fied hypotheses about certain aspects of the natural world. Physicists, for example, 
speak of the quark theory of the atomic nucleus, chemists speak of the theory of 
metallic bonding in metals, and biologists speak of the cell theory.

The theories of science are not fixed; rather, they undergo change. Scientific 
theories evolve as they go through stages of redefinition and refinement. During 
the past hundred years, for example, the theory of the atom has been repeatedly 
refined as new evidence on atomic behavior has been gathered. Similarly, chemists 
have refined their view of the way molecules bond together, and biologists have 
refined the cell theory. The refinement of theories is a strength of science, not a 
weakness. Many people feel that it is a sign of weakness to change their minds. 
Competent scientists must be experts at changing their minds. They change their 
minds, however, only when confronted with solid experimental evidence or when 
a conceptually simpler hypothesis forces them to adopt a new point of view. More 
important than defending beliefs is improving them. Better hypotheses are made 
by those who are honest in the face of experimental evidence.

Away from their profession, scientists are inherently no more honest or ethical 
than most other people. But in their profession they work in an arena that places a 
high premium on honesty. The cardinal rule in science is that all hypotheses must 
be testable—they must be susceptible, at least in principle, to being shown to be 
wrong. In science, it is more important that there be a means of proving an idea 
wrong than a means of proving it right. This is a major factor that distinguishes 
science from nonscience. At first this may seem strange because when we wonder 
about most things, we concern ourselves with ways of finding out whether they  

3But appeal to beauty has value in science. More than one experimental result in modern times has contra-
dicted a lovely theory that, upon further investigation, proved to be wrong. This has bolstered scientists’ 
faith that the ultimately correct description of nature involves conciseness of expression and economy of 
concepts—a combination that deserves to be called beautiful.
4In your education it is not enough to be aware that other people may try to fool you; it is more important 
to be aware of your own tendency to fool yourself.

Experiment, not philosophical 
discussion, decides what is correct 
in science.
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are true. Scientific hypotheses are different. In fact, if you want to distinguish 
whether a hypothesis is scientific or not, check to see if there is a test for proving 
it wrong. If there is no test for its possible wrongness, then the hypothesis is not 
scientific. Albert Einstein put it well when he stated, “No number of experiments 
can prove me right; a single experiment can prove me wrong.”

Consider the biologist Charles Darwin’s hypothesis that life forms evolve from 
simpler to more complex forms. This could be proved wrong if paleontologists 
discovered that more complex forms of life appeared before their simpler coun-
terparts. Einstein hypothesized that light is bent by gravity. This might be proved 
wrong if starlight that grazed the Sun and could be seen during a solar eclipse were 
undeflected from its normal path. As it turned out, less complex life forms are 
found to precede their more complex counterparts and starlight is found to bend 
as it passes close to the Sun, which support the claims. If and when a hypothesis 
or scientific claim is confirmed, it is regarded as useful and as a steppingstone to 
additional knowledge.

Consider the hypothesis “The alignment of planets in the sky determines the 
best time for making decisions.” Many people believe it, but this hypothesis is not 
scientific. It cannot be proved wrong, nor can it be proved right. It is speculation. 
Likewise, the hypothesis “Intelligent life exists on other planets somewhere in the 
universe” is not scientific. Although it can be proved correct by the verification of a 
single instance of intelligent life existing elsewhere in the universe, there is no way 
to prove it wrong if no intelligent life is ever found. If we searched the far reaches 
of the universe for eons and found no life, that would not prove that it doesn’t exist 
“around the next corner.” On the other hand, the hypothesis “There is no other 
intelligent life in the universe” is scientific. Do you see why?

A hypothesis that is capable of being proved right but not capable of being 
proved wrong is not a scientific hypothesis. Many such statements are quite reason-
able and useful, but they lie outside the domain of science.

C H E c K  P O I n T

Which of these is a scientific hypothesis?

a. � Atoms are the smallest particles of matter that exist.

b. � Space is permeated with an essence that is undetectable.

c. � Albert Einstein was the greatest physicist of the 20th century.

C H ec  K  Y O U r  A N swer  
Only statement a is scientific, because there is a test for falseness. The 
statement not only is capable of being proved wrong but in fact has been 
proved wrong. Statement b has no test for possible wrongness and is there-
fore unscientific. Likewise for any principle or concept for which there is 
no means, procedure, or test whereby it can be shown to be wrong (if it is 
wrong). Some pseudoscientists and other pretenders to knowledge will not 
even consider a test for the possible wrongness of their statements. State-
ment c is an assertion that has no test for possible wrongness. If Einstein 
was not the greatest physicist, how could we know? It is important to note 
that because the name Einstein is generally held in high esteem, it is a 
favorite of pseudoscientists. So we should not be surprised that the name 
of Einstein, like that of Jesus or of any other highly respected person, is 
cited often by charlatans who wish to bring respect to themselves and their 
points of view. In all fields, it is prudent to be skeptical of those who wish to 
credit themselves by calling upon the authority of others.

Being scientific is being open to 
new knowledge.

The essence of science is expressed 
in two questions: How would we 
know? And what evidence would 
prove this idea wrong? Assertions 
without evidence are unscien-
tific and can be dismissed without 
evidence.
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Much learning can occur by ask-
ing questions. Socrates preached 
this—hence the Socratic method. 
Questioning has led to some of the 
most magnificent works of art and 
science.

None of us has the time, energy, or resources to test every idea, so most of the 
time we accept somebody else’s word. How do we know whose word to accept? 
To reduce the likelihood of error, scientists accept only the word of those whose 
ideas, theories, and findings are testable—if not in practice, at least in princi-
ple. Speculations that cannot be tested are regarded as “unscientific.” This has 
the long-run effect of compelling honesty—findings widely publicized among 
fellow scientists are generally subjected to further testing. Sooner or later, mis-
takes (and deception) are discovered; wishful thinking is exposed. A discredited 
scientist does not get a second chance in the community of scientists. The pen-
alty for fraud is professional excommunication. Honesty, so important to the 
progress of science, thus becomes a matter of self-interest to scientists. There is 
relatively little bluffing in a game in which all bets are called. In fields of study 
where right and wrong are not so easily established, the pressure to be honest is 
considerably less.

The ideas and concepts most important to our everyday life are often unsci-
entific; their correctness or incorrectness cannot be determined in the laboratory. 
Interestingly enough, it seems that people honestly believe their own ideas about 
things are correct, and almost everyone is acquainted with people who hold com-
pletely opposite views—so the ideas of some (or all) must be incorrect. How do you 
know whether or not you are one of those holding erroneous beliefs? There is a test. 
Before you can be reasonably convinced that you are right about a particular idea, 
you should be sure that you understand the objections and the positions of your 
most articulate antagonists. You should find out whether your views are supported 
by sound knowledge of opposing ideas or by your misconceptions of opposing ideas. 
You make this distinction by seeing whether or not you can state the objections 
and positions of your opponents to their satisfaction. Even if you can successfully 
do this, you cannot be absolutely certain of being right about your own ideas, but 
the probability of being right is considerably higher if you pass this test.

C HE  C K  POI   N T

Suppose that, in a disagreement between two friends, A and B, you note 
that friend A only states and restates one point of view, whereas friend 
B clearly states both her own position and that of friend A. Who is more 
likely to be correct? (Think before you read the answer below!)

C H ec  K  Y O U r  A N swer  
Who knows for sure? Friend B may have the cleverness of a lawyer who can 
state various points of view and still be incorrect. We can’t be sure about 
the “other guy.” The test for correctness or incorrectness suggested here is 
not a test of others, but of and for you. It can aid your personal develop-
ment. As you attempt to articulate the ideas of your antagonists, be pre-
pared, like scientists who are prepared to change their minds, to discover 
evidence contrary to your own ideas—evidence that may alter your views. 
Intellectual growth often occurs in this way.

Although the notion of being familiar with opposing points of view seems 
reasonable to most thinking people, just the opposite—shielding ourselves and 
others from different ideas—has been more widely practiced. We have been 
taught to discredit unpopular ideas without understanding them in proper con-
text. With the 20/20 vision of hindsight, we can see that many of the “deep 
truths” that were the cornerstones of whole civilizations were shallow reflections 

We each need a knowledge filter 
to tell the difference between 
what is valid and what only 
pretends to be valid. The best 
knowledge filter ever invented is 
science.
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of the prevailing ignorance of the time. Many of the problems that plagued 
societies stemmed from this ignorance and the resulting misconceptions; much 
of what was held to be true simply wasn’t true. This is not confined to the past. 
Every scientific advance is by necessity incomplete and partly inaccurate, for the 
discoverer sees with the blinders of the day and can discard only a part of that 
blockage.

	 1.3	 Science, Art, and Religion
The search for order and meaning in the world around us has taken different 
forms: One is science, another is art, and another is religion. Although the roots 
of all three go back thousands of years, the traditions of science are relatively 
recent. More important, the domains of science, art, and religion are different, 
although they often overlap. Science is principally engaged in discovering and 
recording natural phenomena, the arts are concerned with personal interpreta-
tion and creative expression, and religion addresses the source, purpose, and 
meaning of it all.

Science and the arts are comparable. In the art of literature, we discover 
what is possible in human experience. We can learn about emotions ranging 
from anguish to love, even if we haven’t experienced them. The arts do not 
necessarily give us those experiences, but they describe them to us and suggest 
what may be possible for us. Science tells us what is possible in nature. Scien-
tific knowledge helps us to predict possibilities in nature even before those pos-
sibilities have been experienced. It provides us with a way of connecting things, 
of seeing relationships between and among them, and of making sense of the 
great variety of natural events around us. Science broadens our perspective of 
nature. A knowledge of both the arts and the sciences makes for a wholeness 
that affects the way we view the world and the decisions we make about the 
world and ourselves. A truly educated person is knowledgeable in both the arts 
and the sciences.

Science and religion have similarities also, but they are basically different—
principally because their domains are different. The domain of science is natural 
order; the domain of religion is nature’s purpose. Religious beliefs and practices 
usually involve faith in, and worship of, a supreme being and the creation of hu-
man community—not the practices of science. In this respect, science and religion 
are as different as apples and oranges: They are two different yet complementary 
fields of human activity.

When we study the nature of light later in this book, we will treat light first 
as a wave and then as a particle. To the person who knows a little bit about sci-
ence, waves and particles are contradictory; light can be only one or the other, 
and we have to choose between them. But to the enlightened person, waves and 
particles complement each other and provide a deeper understanding of light. In a 
similar way, it is mainly people who are either uninformed or misinformed about 
the deeper natures of both science and religion who feel that they must choose 
between believing in religion and believing in science. Unless one has a shallow 
understanding of either or both, there is no contradiction in being religious and 
being scientific in one’s thinking.5

Many people are troubled about not knowing the answers to religious and 
philosophical questions. Some avoid uncertainty by uncritically accepting al-
most any comforting answer. An important message in science, however, is that 

5Of course, this doesn’t apply to religious extremists who steadfastly assert that one cannot embrace both 
their brand of religion and science.

The belief that there is only one 
truth and that oneself is in posses-
sion of it seems to me the deepest 
root of all the evil that is in the 
world.—Max Born

Art is about cosmic beauty. Science 
is about cosmic order. Religion is 
about cosmic purpose.
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uncertainty is acceptable. For example, in Chapter 31 you’ll learn that it is not 
possible to know with certainty both the momentum and position of an elec-
tron in an atom. The more you know about one, the less you can know about 
the other. Uncertainty is a part of the scientific process. It’s okay not to know 
the answers to fundamental questions. Why are apples gravitationally attracted 

In prescientific times, any attempt to harness nature 
meant forcing nature against her will. Nature had to 
be subjugated, usually with some form of magic or 

by means that were above nature—that is, supernatural. 
Science does just the opposite, and it works within nature’s 
laws. �e methods of science have largely displaced reliance 
on the supernatural—but not entirely. �e old ways 
persist, full force in primitive cultures, and they survive in 
technologically advanced cultures too, often disguised as 
science. �is is fake science—pseudoscience. �e hallmark 
of a pseudoscience is that it lacks the key ingredients of 
evidence and having a test for wrongness. In the realm of 
pseudoscience, skepticism and tests for possible wrongness 
are downplayed or flatly ignored.

�ere are various ways to view cause-and-effect 
relationships in the universe. Mysticism is one view, 
appropriate perhaps in religion but not applicable to science. 
Astrology is an ancient belief system that assumes a mystical 
correspondence between individuals and the universe as a 
whole—that human affairs are influenced by the positions 
and movements of planets and other celestial bodies. 
�is nonscientific view can be quite appealing. However 
insignificant we may feel at times, astrologers assure us 
that we are intimately connected to the workings of the 
cosmos, which has been created for humans—particularly 
those humans belonging to one’s own tribe, community, or 
religious group. Astrology as ancient magic is one thing, but 
astrology in the guise of science is another. When it poses 
as a science related to astronomy, it becomes pseudoscience. 
Some astrologers present their craft in a scientific guise. 
When they use up-to-date astronomical information and 
computers that chart the movements of heavenly bodies, 
astrologers are operating in the realm of science. But when 
they use these data to concoct astrological revelations, they 
have crossed over into full-fledged pseudoscience.

Pseudoscience, like science, makes predictions. �e 
prediction of a dowser, who locates underground water with a 
dowsing stick, has a very high rate of success—nearly 100%. 
Whenever the dowser goes through his or her ritual and 
points to a spot on the ground, the well digger is sure to find 
water there. Dowsing works. Of course, the dowser can hardly 
miss, because there is groundwater within 100 meters of the 
surface at nearly every spot on Earth. (�e real test of a dowser 
would be finding a place where water wouldn’t be found!)

A shaman who studies the oscillations of a pendulum 
suspended over the abdomen of a pregnant woman can 
predict the sex of the fetus with an accuracy of 50%. �is 
means that, if he tries his magic many times on many fetuses, 

half his predictions will be right and half will be wrong—
the predictability of ordinary guessing. In comparison, 
determining the sex of unborns by scientific means gives a 
95% success rate via sonograms and 100% by amniocentesis. 
�e best that can be said for the shaman is that the 50% 
success rate is a lot better than that of astrologers, palm 
readers, or other pseudoscientists who predict the future.

An example of a pseudoscience that has zero success is 
provided by energy-multiplying machines. �ese machines, 
which are alleged to deliver more energy than they take in, are, 
we are told, “still on the drawing boards and needing funds 
for development.” �ey are touted by quacks who sell shares 
to an ignorant public who succumb to the pie-in-the-sky 
promises of success. �is is junk science. Pseudoscientists are 
everywhere, are usually successful in recruiting apprentices for 
money or labor, and can be very convincing even to seemingly 
reasonable people. �eir books greatly outnumber books on 
science in bookstores. Junk science is thriving.

Four centuries ago, most humans were dominated by 
superstition, devils, demons, disease, and magic in their 
short and difficult lives. Life was cruel in medieval times. 
Only through enormous effort did humans gain scientific 
knowledge, overthrow superstition, and gain freedom from 
ignorance. We should rejoice in what we’ve learned—no 
longer having to die whenever an infectious disease strikes 
or to live in fear of demons. Today we have no need to 
pretend that superstition is anything but superstition, or 
that junk notions are anything but junk notions—whether 
voiced by street-corner quacks, by loose thinkers who 
write promise-heavy health books, by hucksters who sell 
magnetic therapy, or by demagogues who inflict fear.

Yet there is cause for alarm when the superstitions that 
people once fought to erase return in force, enchanting a 
growing number of people. �ere are now many thousands 
of practicing astrologers in the United States who serve 
millions of credulous believers. A higher percentage of 
Americans today believe in astrology and occult phenomena 
than did citizens of medieval Europe. Few newspapers print a 
daily science column, but nearly all provide daily horoscopes. 
Although goods and medicines around us have improved 
with scientific advances, much human thinking has not.

Many believe that the human condition is sliding backward 
because of growing technology. More likely, however, we’ll 
slide backward because science and technology will bow to 
the irrationality, superstitions, and demagoguery of the past. 
“Equal time” will be allotted to irrationality in our classrooms. 
Watch out for the spokespeople of irrationality. Pseudoscience 
and irrationality are huge and lucrative businesses.

PSEUDOSCIENCE
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to Earth? Why do electrons repel one another? Why do magnets interact with 
other magnets? Why does energy have mass? At the deepest level, scientists 
don’t know the answers to these questions—at least not yet. We know a lot 
about where we are, but nothing really about why we are. It’s okay not to know 
the answers to such religious questions. Given a choice between a closed mind 
with comforting answers and an open and exploring mind without answers, 
most scientists choose the latter. Scientists in general are comfortable with not 
knowing.

	 1.4	 Science and Technology
Science and technology are also different from each other. Science is concerned 
with gathering knowledge and organizing it. Technology is applied science, used 
by technologists and engineers for practical purposes. It also provides the tools 
needed by scientists in their further explorations.

Technology is a double-edged sword that can be both helpful and harmful. 
We have the technology, for example, to extract fossil fuels from the ground and 
then to burn the fossil fuels for the production of energy. Energy production 
from fossil fuels has benefited our society in countless ways. On the flip side, 
the burning of fossil fuels endangers the environment. It is tempting to blame 
technology itself for problems such as pollution, resource depletion, and even 
overpopulation. These problems, however, are not the fault of technology any 

The numerous benefits of technology are paired 
with risks. When the benefits of a technological 
innovation are seen to outweigh its risks, the 

technology is accepted and applied. X-rays, for example, 
continue to be used for medical diagnosis despite their 
potential for causing cancer. But when the risks of a 
technology are perceived to outweigh its benefits, it should 
be used very sparingly or not at all.

Risk can vary for different groups. Aspirin is useful for 
adults, but for young children it can cause a potentially 
lethal condition known as Reye’s syndrome. Dumping 
raw sewage into the local river may pose little risk for a 
town located upstream, but for towns downstream the 
untreated sewage is a health hazard. Similarly, storing 
radioactive wastes underground may pose little risk for 
us today, but for future generations the risks of such 
storage are greater if there is leakage into groundwater. 
Technologies involving different risks for different 
people, as well as differing benefits, raise questions that 
are often hotly debated. Which medications should be 
sold to the general public over the counter and how 
should they be labeled? Should food be irradiated in 
order to put an end to food poisoning, which kills more 
than 5000 Americans each year? �e risks to all members 
of society need consideration when public policies are 
decided.

�e risks of technology are not always immediately 
apparent. No one fully realized the dangers of 

combustion products when fossil fuels first powered 
industrial progress. Today an awareness of both the short-
term risks and the long-term risks of a technology is 
crucial.

People seem to have difficulty accepting the impossibility 
of zero risk. Airplanes cannot be made perfectly safe. 
Processed foods cannot be rendered completely free of 
toxicity because all foods are toxic to some degree. You 
cannot avoid radioactivity because it’s in the air you breathe 
and the foods you eat, and it has been that way since before 
humans first walked on Earth. Even the cleanest rain 
contains radioactive carbon-14, not to mention the same in 
our bodies. Between each heartbeat in each human body, 
there have always been about 10,000 naturally occurring 
radioactive decays. You might hide yourself in the hills, eat 
the most natural of foods, practice obsessive hygiene, and 
still die from cancer caused by the radioactivity emanating 
from your own body. �e probability of eventual death is 
100%. Nobody is exempt.

Science helps to determine the most probable. As 
the tools of science improve, the assessment of the most 
probable gets closer to being on target. Acceptance of risk, 
on the other hand, is a societal issue. Making zero risk a 
societal goal would consume present and future economic 
resources. Isn’t it more noble to accept nonzero risk and 
to minimize risk as much as possible within the limits of 
practicality? A society that accepts no risks receives no 
benefits.

RISK ASSESSMENT
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matter is put together, how atoms combine to form molecules, and how the 
molecules combine to make up the many kinds of matter around us. Biology is  
more complex and involves matter that is alive. So underneath biology is chemistry, 
and underneath chemistry is physics. The concepts of physics reach up to these 
more complicated sciences. That’s why physics is the most basic science.

An understanding of science begins with an understanding of physics. The 
following chapters present physics conceptually so that you can enjoy under-
standing it.

	 1.6	 In Perspective
Only a few centuries ago the most talented and most skilled artists, architects, and 
artisans of the world directed their genius and effort to the construction of the 
great cathedrals, synagogues, temples, and mosques. Some of these architectural 
structures took centuries to build, which means that nobody witnessed both the 
beginning and the end of construction. Even the architects and early builders who 
lived to a ripe old age never saw the finished results of their labors. Entire lifetimes 
were spent in the shadows of construction that must have seemed without begin-
ning or end. This enormous focus of human energy was inspired by a vision that 
went beyond worldly concerns—a vision of the cosmos. To the people of that time, 
the structures they erected were their “spaceships of faith,” firmly anchored but 
pointing to the cosmos.

Today the efforts of many of our most skilled scientists, engineers, artists, and 
technicians are directed to building the spaceships that already orbit Earth and 
others that will voyage beyond. The time required to build these spaceships is ex-
tremely brief compared with the time spent building the stone and marble struc-
tures of the past. Many people working on today’s spaceships were alive before the 
first jetliner carried passengers. Where will younger lives lead in a comparable time?

C H E c K  P O I n T

Which of the following activities involves the utmost human expression of 
passion, talent, and intelligence?

C H ec  K  Y O U r  A N swer  
All of them! The human value of science, however, is the least understood 
by most individuals in our society. The reasons are varied, ranging from 
the common notion that science is incomprehensible to people of average 
ability to the extreme view that science is a dehumanizing force in our 
society. Most of the misconceptions about science probably stem from the 
confusion between the abuses of science and science itself.

Science is an enchanting human activity shared by a wide variety of 
people who, with present-day tools and know-how, are reaching further 
and discovering more about themselves and their environment than people 
in the past were ever able to do. The more you know about science, the 
more passionate you feel toward your surroundings. There is physics in 
everything you see, hear, smell, taste, and touch!

There is a pool of good. No matter 
where you put in your drop, the 
whole pool rises.—Will Maynez

a. � painting and sculpture

b. � literature

c. � music

d. � religion

e. � science
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Scientific method  Principles and procedures for the 
systematic pursuit of knowledge involving the 
recognition and formulation of a problem, the collection 
of data through observation and experiment, and the 
formulation and testing of hypotheses.

Hypothesis  An educated guess; a reasonable explanation of 
an observation or experimental result that is not fully 
accepted as factual until tested over and over again by 
experiment.

Scientific attitude  The scientific method inclined toward 
inquiry, integrity, and humility.

Fact  A statement about the world that competent observers 
who have made a series of observations agree on.

Law  A general hypothesis or statement about the relationship 
of natural quantities that has been tested over and over 
again and has not been contradicted. Also known as a 
principle.

Theory  A synthesis of a large body of information that 
encompasses well-tested and verified hypotheses about 
certain aspects of the natural world.

Pseudoscience  Fake science that pretends to be real science.

S U M M A R Y  O f  T E R M s  ( K N O W L E D G E )

1.1 Scientific Measurements
	 1.	Briefly, what is science?
 	 2.	Throughout the ages, what has been the general reaction 

to new ideas about established “truths”?
 	 3.	When the Sun was directly overhead in Syene, why 

wasn’t it directly overhead in Alexandria?
 	 4.	Earth, like everything else illuminated by the Sun, casts a 

shadow. Why does this shadow taper?
 	 5.	How does the Moon’s diameter compare with the 

distance between Earth and the Moon?
 	 6.	How does the Sun’s diameter compare with the distance 

between Earth and the Sun?
 	 7.	Why did Aristarchus choose the time of a half Moon to 

make his measurements for calculating the Earth–Sun 
distance?

 	 8.	What are the circular spots of light seen on the ground 
beneath a tree on a sunny day?

 	 9.	What is the role of equations in this book?

1.2 Scientific Methods
 	10.	Outline some steps of the scientific method.
 	11.	Distinguish among a scientific fact, a hypothesis, a law, 

and a theory.
 	12.	In daily life, people are often praised for maintaining 

some particular point of view, for the “courage of their 
convictions.” A change of mind is seen as a sign of 
weakness. How is this different in science?

 	13.	What is the test for whether a hypothesis is scientific  
or not?

 	14.	In daily life, we see many cases of people who are caught 
misrepresenting things and who soon thereafter are 
excused and accepted by their contemporaries. How is 
this different in science?

 	15.	What test can you perform to increase the chance in 
your own mind that you are right about a particular 
idea?

1.3 Science, Art, and Religion
 	16.	Why are students of the arts encouraged to learn about 

science and science students encouraged to learn about 
the arts?

 	17.	Must people choose between science and religion?
 	18.	Psychological comfort is a benefit of having solid answers 

to religious questions. What benefit accompanies a 
position of not knowing the answers?

1.4 Science and Technology
 	19.	Clearly distinguish between science and technology.

1.5 Physics—The Basic Science
 	20.	Why is physics considered to be the basic science?

R E A D I n G  C H E c K  Q U E s T I O ns   ( C O M P R E H E N S I O N )

We seem to be at the dawn of a major change in human growth, for as little 
Evan suggests in the photo that precedes the beginning of this chapter, we may 
be like the hatching chicken that has exhausted the resources of its inner-egg 
environment and is about to break through to a whole new range of possibilities. 
Earth is our cradle and has served us well. But cradles, however comfortable, 
are outgrown one day. So, with the inspiration that in many ways is similar to 
the inspiration of those who built the early cathedrals, synagogues, temples, and 
mosques, we aim for the cosmos.

We live in an exciting time!
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 	21.	Poke a hole in a piece of cardboard and hold the cardboard 
horizontally in the sunlight (as in Figure 1.6). Note the 
image of the Sun that is cast below. To convince 
yourself that the round spot of light is an image of 
the round Sun, try using holes of different shapes. A 
square or triangular hole will still cast a round image 
when the distance to the image is large compared 
with the size of the hole. When the Sun’s rays and 
the image surface are perpendicular, the image is a 
circle; when the Sun’s rays make an angle with the 
image surface, the image is a “stretched-out” circle, 
an ellipse. Let the solar image fall upon a coin, say a 
dime. Position the cardboard so the image just covers 
the coin. This is a convenient way to measure the 
diameter of the image—the same as the diameter of 
the easy-to-measure coin. Then measure the distance 

between the cardboard and the coin. Your ratio of 
image size to image distance should be about 1/110. 
This is also the ratio of the Sun’s diameter to its 
distance to Earth. Using the information that the 
Sun is 150,000,000 kilometers from Earth, calculate 
the diameter of the Sun. (Interesting questions: How 
many coins placed end to end would fit between the 
solar image and the cardboard? How many suns would 
fit between the card and the Sun?)

 	22.	Choose a particular day in the very near future—and 
during that day carry a small notebook with you and 
record every time you come in contact with modern 
technology. Then write a page or two discussing your 
dependencies on your list of technologies. Make a note 
of how you’d be affected if each suddenly vanished, 
and how you’d cope with the loss.

	23.	What is the penalty for scientific fraud in the science 
community?

 	24.	Which of the following are scientific hypotheses?  
(a) Chlorophyll makes grass green. (b) Earth rotates 
about its axis because living things need an alternation of 
light and darkness. (c) Tides are caused by the Moon.

	 25.	In answer to the question, “When a plant grows, 
where does the material come from?” Aristotle 
hypothesized by logic that all material came from the 
soil. Do you consider his hypothesis to be correct, 
incorrect, or partially correct? What experiments do you 
propose to support your choice?

 	26.	When you step from the shade into the sunlight, the 
Sun’s heat is as evident as the heat from hot coals in 
a fireplace in an otherwise cold room. You feel the 
Sun’s heat not because of its high temperature (higher 
temperatures can be found in some welder’s torches) but 

because the Sun is big. Which do you estimate is larger: 
the Sun’s radius or the distance between the Moon and 
Earth? Check your answer in the list of physical data 
on the inside back cover. Do you find your answer 
surprising?

 	27.	What is probably being misunderstood by a person who 
says, “But that’s only a scientific theory”?

 	28.	The shadow cast by a vertical pillar in Alexandria at 
noon during the summer solstice is found to be 1/8 the 
height of the pillar. The distance between Alexandria 
and Syene is 1/8 Earth’s radius. Is there a geometrical 
connection between these two 1-to-8 ratios?

 	29.	If Earth were smaller than it is, but the Alexandria-to-
Syene distance were the same, would the shadow of the 
vertical pillar in Alexandria be longer or shorter at noon 
during the summer solstice?

T H I n K  An  D  E X P L A I n  ( S Y N T H E S I S )

T H I n K  An  D  D O  ( H A N D S - O N  A P P L I C A T I O N )

 	30.	The great philosopher and mathematician Bertrand 
Russell (1872–1970) wrote about ideas in the early part 
of his life that he rejected in the latter part of his life. 
Discuss with your classmates whether you see this as 
a sign of weakness or as a sign of strength in Bertrand 
Russell. (Do you speculate that your present ideas 
about the world around you will change as you learn 
and experience more, or do you speculate that further 
knowledge and experience will solidify your present 
understanding?)

 	31.	Bertrand Russell wrote, “I think we must retain the 
belief that scientific knowledge is one of the glories of 
man. I will not maintain that knowledge can never do 
harm. I think such general propositions can almost 

always be refuted by well-chosen examples. What I will 
maintain—and maintain vigorously—is that knowledge 
is very much more often useful than harmful and that 
fear of knowledge is very much more often harmful than 
useful.” Discuss with your friends examples to support 
this statement.

 	32.	Your favorite young relative is wondering whether to join 
a large and growing group in the community, mainly 
to make new friends. Your advice is sought. Before 
replying, you learn that the group’s charismatic leader 
tells followers, “Okay, this is how we operate: First, you 
should NEVER question anything I tell you. Second, 
you should NEVER question what you read in our 
literature.” What advice do you offer?

T H I n K  An  D  D I sc  U ss   ( E V A L U A T I O N )
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Mechanics
P A R T  O N E

Intriguing! The number of balls released into the 
array of balls is always the same number that 
emerges from the other side. But why? There’s 
gotta be a reason—mechanical rules of some 
kind. I’ll know why the balls behave so predictably 
after I learn the rules of mechanics in the 
following chapters. Best of all, learning these 
rules will provide me with a keener intuition for 
understanding the world around me!



1   Will Maynez shows that the inertia of the anvil on the 
author’s chest is enough to shield the blow of the hammer.    
2   The balanced rock strikingly illustrates inertia.  3   Cedric  
and Anne Linder compare the different tensions in the string 
that supports the red block.  4   Karl Westerberg asks his 
students which string, the lower or the upper, will break when 
he suddenly yanks downward on the lower string.
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Not all physics instructors are warm to Conceptual 
Physics. Some greatly prefer a roll-up-the-sleeves 
approach that immediately gets into problem 

solving, with little or no time spent on conceptual under-
standing. In 1992 I was delighted to see an article in the 
journal The Physics Teacher by a professor in South Africa 
who reported great success with teaching physics concep-
tually. I contacted him and we’ve been friends ever since. 
I’m speaking of Cedric Linder, who grew up and got most 
of his physics education in South Africa, continued his 
science education at Rutgers in New Jersey, and then went 
to the University of British Columbia where he obtained 
his doctorate in 1989.

As a result of Cedric’s article, which praised the con-
ceptual way of teaching, and his research in the field 
of physics education, educators at Uppsala University 
in Sweden sought him out. He accepted a position to 
establish a Division of Physics Education Research 

	 2.1	 Aristotle on Motion
Aristotle divided motion into two main classes: natural motion and violent motion. 
We briefly consider each, not as study material, but as a background to present-day 
ideas about motion.

Aristotle asserted that natural motion proceeds from the “nature” of an object, 
dependent on the combination of the four elements (earth, water, air, and fire) the ob-
ject contains. In his view, every object in the universe has a proper place, determined 
by its “nature”; any object not in its proper place will “strive” to get there. Being of the 
earth, an unsupported lump of clay will fall to the ground; being of the air, an un-
impeded puff of smoke will rise; being a mixture of earth and air but predominantly 
earth, a feather will fall to the ground, but not as rapidly as a lump of clay. Aristotle 
stated that heavier objects would strive harder and argued that objects should fall at 
speeds proportional to their weights: The heavier the object, the faster it should fall.

Natural motion could be either straight up or straight down, as in the case of all 
things on Earth, or it could be circular, as in the case of celestial objects. Unlike up-
and-down motion, circular motion has no beginning or end, repeating itself without 
deviation. Aristotle believed that different rules apply to the heavens and asserted 
that celestial bodies are perfect spheres made of a perfect and unchanging substance, 
which he called quintessence.1 (The only celestial object with any detectable variation 
on its face was the Moon. Medieval Christians, still under the sway of Aristotle’s 
teaching, ignorantly explained that lunar imperfections were due to the closeness of 
the Moon and contamination by human corruption on Earth.)

Violent motion, Aristotle’s other class of motion, resulted from pushing or pull-
ing forces. Violent motion was imposed motion. A person pushing a cart or lift-
ing a heavy weight imposed motion, as did someone hurling a stone or winning a 
tug-of-war. The wind imposed motion on ships. Floodwaters imposed motion on 
boulders and tree trunks. The essential thing about violent motion was that it was 
externally caused and was imparted to objects; they moved not of themselves, not 
by their “nature,” but because of pushes or pulls.

The concept of violent motion had its difficulties because the pushes and pulls re-
sponsible for it were not always evident. For example, a bowstring moved an arrow until 
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1Quintessence is the fifth essence, the other four being earth, water, air, and fire.

in the Department of Physics and Astronomy there. 
Cedric and his wife Anne now call Uppsala home—
with Anne on board as a researcher and administrator 
in his group.

The Linders draw educators from around the world to their 
seminars and workshops with highly stimulating     physics 
activities. Some 
physics teachers 
have a knack for 
making   phys-
ics    a   delight-
ful experience. 
How nice that 
Cedric is among 
this group—
and expanding 
it.
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the arrow left the bow; after that, further explanation of the arrow’s motion seemed to 
require some other pushing agent. Aristotle imagined, therefore, that a parting of the 
air by the moving arrow resulted in a squeezing effect on the rear of the arrow as the air 
rushed back to prevent a vacuum from forming. The arrow was propelled through the 
air as a bar of soap is propelled in the bathtub when you squeeze one end of it.

To summarize, Aristotle taught that all motions are due to the nature of the 
moving object or due to a sustained push or pull. Provided that an object is in its 
proper place, it will not move unless subjected to a force. Except for celestial ob-
jects, the normal state is one of rest.

Aristotle’s statements about motion were a beginning in scientific thought, 
and, although he did not consider them to be the final words on the subject, his 
followers for nearly 2000 years regarded his views as beyond question. Implicit 
in the thinking of ancient, medieval, and early Renaissance times was the no-
tion that the normal state of objects is one of rest. Since it was evident to most 
thinkers until the 16th century that Earth must be in its proper place, and since 
a force capable of moving Earth was inconceivable, it seemed quite clear to them 
that Earth does not move.

C H E c K  P o I N T

Isn’t it common sense to think of Earth in its proper place and that a force 
to move it is inconceivable, as Aristotle held, and that Earth is at rest in this 
universe?

C H ec  K  Y O U r  A ns  W er
Aristotle’s views were logical and consistent with everyday observations. 
So, unless you become familiar with the physics to follow in this book, 
Aristotle’s views about motion do make common sense. But, as you acquire 
new information about nature’s rules, you’ll likely find your common sense 
progressing beyond Aristotelian thinking.

Copernicus and the Moving Earth
It was in this intellectual climate that the Polish astronomer Nicolaus Copernicus 
(1473–1543) formulated his theory of the moving Earth. Copernicus reasoned 
that the simplest way to account for the observed motions of the Sun, Moon, 
and planets through the sky was to assume that Earth (and other planets) circles 
around the Sun. For years he worked without making his thoughts public—for 
two reasons. The first was the fear of persecution; a theory so completely dif-
ferent from common opinion would surely be taken as an attack on established 
order. The second reason was that he had grave doubts about it himself; he could 
not reconcile the idea of a moving Earth with the prevailing ideas of motion. 
Finally, in the last days of his life, at the urging of close friends, he sent his De 
Revolutionibus to the printer. The first copy of his famous exposition reached 
him on the day he died—May 24, 1543.

Most of us know about the reaction of the medieval Church to the idea that 
Earth travels around the Sun. Aristotle’s views had become a formidable part of 
Church doctrine, so to contradict them was to question the Church itself. For 
many Church leaders, the idea of a moving Earth threatened not only their au-
thority but the very foundations of faith and civilization as well. For better or for 
worse, this new idea was to overturn their conception of the cosmos—although 
eventually the Church embraced it.

Nicolaus Copernicus (1473–1543)
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	 2.2	 Galileo’s Experiments
Leaning Tower
It was Galileo, the foremost scientist of the early 17th century, who gave credence 
to the Copernican view of a moving Earth. He accomplished this by discrediting 
the Aristotelian ideas about motion. Although he was not the first to point out dif-
ficulties in Aristotle’s views, Galileo was the first to provide conclusive refutation 
through observation and experiment.

Galileo easily demolished Aristotle’s falling-body hypothesis. Galileo is said 
to have dropped objects of various weights from the top of the Leaning Tower of 
Pisa to compare their falls. Contrary to Aristotle’s assertion, Galileo found that 
a stone twice as heavy as another did not fall twice as fast. Except for the small 
effect of air resistance, he found that objects of various weights, when released 
at the same time, fell together and hit the ground at the same time. On one oc-
casion, Galileo allegedly attracted a large crowd to witness the dropping of two 
objects of different weight from the top of the tower. Legend has it that many 
observers of this demonstration who saw the objects hit the ground together 
scoffed at the young Galileo and continued to hold fast to their Aristotelian 
teachings.

Inclined Planes
Galileo was concerned with how things move rather than why they move. He 
showed that experiment rather than logic is the best test of knowledge. Aristotle 
was an astute observer of nature, and he dealt with problems around him rather 
than with abstract cases that did not occur in his environment. Motion always 
involved a resistive medium such as air or water. He believed a vacuum to be 
impossible and therefore did not give serious consideration to motion in the 
absence of an interacting medium. That’s why it was basic to Aristotle that an 
object requires a push or pull to keep it moving. And it was this basic principle 
that Galileo rejected when he stated that, if there is no interference with a mov-
ing object, it will keep moving in a straight line forever; no push, pull, or force 
of any kind is necessary.

Greek philosopher, scientist, 
and educator, Aristotle was 
the son of a physician who 

personally served the king of  
Macedonia. At age 17, Aristotle 
entered the Academy of Plato, where 
he worked and studied for 20 years 
until Plato’s death. He then became 
the tutor of young Alexander the 
Great. Eight years later, he formed 
his own school. Aristotle’s aim was to 
systematize existing knowledge, just 
as Euclid had systematized geometry. 
Aristotle made critical observations, 
collected specimens, and gathered 

together, summarized, 
and classified almost all 
existing knowledge of 
the physical world. His 
systematic approach 
became the method 
from which Western 
science later arose. 
After his death, his 
voluminous notebooks 
were preserved in caves near his home 
and were later sold to the library at 
Alexandria. Scholarly activity ceased 
in most of Europe through the Dark 
Ages, and the works of Aristotle 

were forgotten and lost 
except in the scholarship 
that continued in the 
Byzantine and Islamic 
empires. Various texts 
were reintroduced to 
Europe during the 11th 
and 12th centuries 
and translated into 
Latin. �e Church, the 

dominant political and cultural force 
in Western Europe, first prohibited 
the works of Aristotle but then 
accepted and incorporated them into 
Christian doctrine.

ARISTOTLE (384–322 BC)

F I G U R E  2 .1
Galileo’s famous demonstration.
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Galileo tested this hypothesis by experimenting with the motions of various 
objects on plane surfaces tilted at various angles. He noted that balls rolling on 
downward-sloping planes picked up speed, while balls rolling on upward-sloping 
planes lost speed. From this he reasoned that balls rolling along a horizontal plane 
would neither speed up nor slow down. The ball would finally come to rest not 
because of its “nature,” but because of friction. This idea was supported by Galileo’s 
observation of motion along smoother surfaces: When there was less friction, the 
motion of objects persisted for a longer time; the less the friction, the more the 
motion approached constant speed. He reasoned that, in the absence of friction 
or other opposing forces, a horizontally moving object would continue moving 
indefinitely.

This assertion was supported by a different experiment and another line of rea-
soning. Galileo placed two of his inclined planes facing each other. He observed 

F I G U R E  2 . 3
A ball rolling down an incline on the left tends to roll up to its initial height on the right. 
The ball must roll a greater distance as the angle of incline on the right is reduced.

F I G U R E  2 . 2
Motion of balls on various planes.

Slope downward–
Speed increases

Slope upward–
Speed decreases

No slope–
Does speed change?

Galileo was born in Pisa, Italy, 
in the same year Shakespeare 
was born and Michelangelo 

died. He studied medicine at the 
University of Pisa and then changed 
to mathematics. He developed an 
early interest in motion and was soon 
at odds with his contemporaries, who 
held to Aristotelian ideas on falling 
bodies. Galileo’s experiments with 
falling bodies discredited Aristotle’s 
assertion that the speed of a falling 
object was proportional to its weight, 
as discussed earlier. But, quite impor-
tant, Galileo’s findings also threat-
ened the authority of the Church, 
which held that the teachings of 

Aristotle were part of 
Church doctrine. Gali-
leo went on to report 
his telescopic observa-
tions, which got him 
further in trouble with 
the Church. He told of 
his sightings of moons that 
orbited the planet Jupiter. 
�e Church, however, taught that 
everything in the heavens revolved 
around Earth. Galileo also reported 
dark spots on the Sun, but accord-
ing to Church doctrine, God created 
the Sun as a perfect source of light, 
without blemish. Under pressure, 
Galileo recanted his discoveries 

and avoided the fate of 
Giordano Bruno, who 
held firm to his belief in 
the Copernican model 
of the solar system and 

was burned at the stake 
in 1600. Nevertheless, 

Galileo was sentenced to 
perpetual house arrest. Earlier, 

he had damaged his eyes while 
investigating the Sun in his tele-
scopic studies, which led to blindness 
at the age of 74. He died four years 
later. Every age has intellectual reb-
els, some of whom push the frontiers 
of knowledge further. Among them 
is certainly Galileo.

GaLILEO GaLILEI (1564–1642)

Initial position Final position

Initial position

Initial position

Final position

Where is �nal position?
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that a ball released from a position of rest at the top of a downward-sloping plane 
rolled down and then up the slope of the upward-sloping plane until it almost 
reached its initial height. He reasoned that only friction prevented it from rising 
to exactly the same height, for the smoother the planes, the closer the ball rose  
to the same height. Then he reduced the angle of the upward-sloping plane. 
Again the ball rose to the same height, but it had to go farther. Additional reduc-
tions of the angle yielded similar results; to reach the same height, the ball had 
to go farther each time. He then asked the question, “If I have a long horizontal 
plane, how far must the ball go to reach the same height?” The obvious answer 
is “Forever—it will never reach its initial height.”2

Galileo analyzed this in still another way. Because the downward motion of 
the ball from the first plane is the same for all cases, the speed of the ball when it 
begins moving up the second plane is the same for all cases. If it moves up a steep 
slope, it loses its speed rapidly. On a lesser slope, it loses its speed more slowly and 
rolls for a longer time. The less the upward slope, the more slowly the ball loses 
its speed. In the extreme case in which there is no slope at all—that is, when the 
plane is horizontal—the ball should not lose any speed. In the absence of retarding 
forces, the tendency of the ball is to move forever without slowing down. We call 
this property of an object to resist changes in motion inertia.

Galileo’s concept of inertia discredited the Aristotelian theory of motion. Aris-
totle did not recognize the idea of inertia because he failed to imagine what mo-
tion would be like without friction. In his experience, all motion was subject to 
resistance, and he made this fact central to his theory of motion. Aristotle’s failure 
to recognize friction for what it is—namely, a force like any other—impeded the 
progress of physics for nearly 2000 years, until the time of Galileo. An application 
of Galileo’s concept of inertia would show that no force is required to keep Earth 
moving forward. The way was open for Isaac Newton to synthesize a new vision 
of the universe.

2From Galileo’s Dialogues Concerning the Two New Sciences.

Galileo published the first math-
ematical treatment of motion in 
1632—12 years after the Pilgrims 
landed at Plymouth Rock.

C HE  C K  P O INT 

Would it be correct to say that inertia is the reason a moving object contin-
ues in motion when no force acts upon it?

C H ec  K  Y O U r  A ns  W er
In the strict sense, no. We don’t know the reason for objects persisting in 
their motion when no forces act upon them. We refer to the property of 
material objects to behave in this predictable way as inertia. We under-
stand many things and have labels and names for these things. There are 
many things we do not understand, and we have labels and names for 
these things also. Education consists not so much in acquiring new names 
and labels, but in learning which phenomena we understand and which 
we don’t.

Inertia isn’t a kind of force; it’s 
a property of all matter to resist 
changes in motion.

In 1642, several months after Galileo died, Isaac Newton was born. By the time 
Newton was 23, he developed his famous laws of motion, which completed the 
overthrow of the Aristotelian ideas that had dominated the thinking of the best 
minds for nearly two millennia. In this chapter, we consider the first of Newton’s 
laws, a restatement of the concept of inertia as proposed earlier by Galileo. 
(Newton’s three laws of motion first appeared in one of the most important books 
of all time, Newton’s Principia.)
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	 2.3	 Newton’s First Law of Motion
Aristotle’s idea that a moving object must be propelled by a steady force was com-
pletely turned around by Galileo, who stated that, in the absence of a force, a 
moving object will continue moving. The tendency of things to resist changes in 
motion was what Galileo called inertia. Newton refined Galileo’s idea and made 
it his first law, appropriately called the law of inertia. From Newton’s Principia 
(translated from the original Latin):

Every object continues in a state of rest or of uniform speed in a straight 
line unless acted on by a nonzero net force.

The key word in this law is continues: An object continues to do whatever it hap-
pens to be doing unless a force is exerted upon it. If it is at rest, it continues in a state 
of rest. This is nicely demonstrated when a tablecloth is skillfully whipped from 
under dishes on a tabletop, leaving the dishes in their initial state of rest. We stress 
that this property of objects to resist changes in motion is what we call inertia.

If an object is moving, it continues to move without turning or changing its 
speed. This is evident in space probes that continuously move in outer space. 
Changes in motion must be imposed against the tendency of an object to retain its 
state of motion. In the absence of net forces, a moving object tends to move along 
a straight-line path indefinitely.

C H E c K  P O I N T

A hockey puck sliding across the ice finally comes to rest. How would 
Aristotle have interpreted this behavior? How would Galileo and Newton 
have interpreted it? How would you interpret it? (Think before you read 
the answers below!)

C h E c K  Y O U R  A n S W E R S
Aristotle would probably say that the puck slides to a stop because it seeks 
its proper and natural state, one of rest. Galileo and Newton would prob-
ably say that, once in motion, the puck continues in motion and that what 
prevents continued motion is not its nature or its proper rest state, but the 
friction the puck encounters. This friction is small compared with the fric-
tion between the puck and a wooden floor, which is why the puck slides so 
much farther on ice. Only you can answer the last question.

F I G U R E  2 . 4
Inertia in action.

WOOSH!

F I G U R E  2 . 5
Examples of inertia.

Why is it that a slow
continuous increase in the
downward force breaks
the string above the massive
ball, but a sudden increase
breaks the lower string?

Why will the coin drop
into the glass when a
force accelerates
the card?

Why does the downward
motion and sudden stop
of the hammer tighten
the hammerhead?You can think of inertia as another 

word for laziness (or resistance to 
change).

VIDEO: Newton’s Law of Inertia

VIDEO: The Old Tablecloth Trick

VIDEO: Inertia of a Cylinder

VIDEO: Toilet Paper Roll

VIDEO: Inertia of an Anvil
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When I was in high school, my counselor advised 
me not to enroll in science and math classes 
and instead to focus on what seemed to be 

my gift for art. I took this advice. I was then interested 
in drawing comic strips and in boxing, neither of which 
earned me much success. After a stint in the Army, I tried 
my luck at sign painting, and the cold Boston winters 
drove me south to warmer Miami, Florida. �ere, at age 
26, I got a job painting billboards and met a man who 
became a great intellectual influence on me, Burl Grey. 
Like me, Burl had never studied physics in high school. 
But he was passionate about science in general, and he 
shared his passion with many questions as we painted 
together. I remember Burl asking me about the tensions 
in the ropes that held up the scaffold we were on. �e 
scaffold was simply a heavy horizontal plank suspended by 
a pair of ropes. Burl twanged the rope nearest his end of 
the scaffold and asked me to do the same with mine. He 
was comparing the tensions in both ropes—to determine 
which was greater. Burl was heavier than I was, and he 
reasoned that the tension in his rope was greater. Like a 
more tightly stretched guitar string, the rope with greater 
tension twangs at a higher pitch. �e finding that Burl’s 
rope had a higher pitch seemed reasonable because his 
rope supported more of the load.

When I walked toward Burl to borrow one of his 
brushes, he asked if the tensions in the ropes had changed. 
Did the tension in his rope increase as I moved closer? 
We agreed that it should have, because even more of the 
load was supported by Burl’s rope. How about my rope? 
Would its tension decrease? We agreed that it would, for it 
would be supporting less of the total load. I was unaware 
at the time that I was discussing physics. Burl and I used 
exaggeration to bolster our reasoning (just as physicists 
do). If we both stood at an extreme end of the scaffold 
and leaned outward, it was easy to imagine the opposite 
end of the scaffold rising like the end of a seesaw—with 
the opposite rope going limp. �en there would be no 
tension in that rope. We then reasoned that the tension 
in my rope would gradually decrease as I walked toward 

Burl. It was fun posing such questions and seeing if we 
could answer them.

A question that we couldn’t answer was whether or not 
the decrease in tension in my rope when I walked away 
from it would exactly compensate the increase in tension 
in Burl’s rope. For example, if my rope underwent a de-
crease of 50 newtons, would Burl’s rope gain 50 newtons? 
(We talked pounds back then, but here we use the scien-
tific unit of force, the newton—abbreviated N.) Would 
the gain be exactly 50 N? And, if so, would this be a grand 
coincidence? I didn’t know the answer until more than 
a year later, when Burl’s stimulation resulted in my leav-
ing full-time painting and going to college to learn more 
about science.3

At college, I learned that any object at rest, such as the 
sign-painting scaffold that supported us, is said to be in 
equilibrium. �at is, all the forces that act on it balance 
to zero. So the sums of the upward forces supplied by the 
supporting ropes indeed do add up to our weights plus the 
weight of the scaffold. A 50-N loss in one would be accom-
panied by a 50-N gain in the other.

I tell this true story to make the point that one’s 
thinking is very different when there is a rule to guide it. 
Now when I look at any motionless object I know im-
mediately that all the forces acting on it cancel out. We 

view nature differently when we know its rules. Without 
the rules of physics, we tend to be superstitious and 
to see magic where there is none. Quite wonderfully, 
everything is connected to everything else by a surpris-
ingly small number of rules, and in a beautifully simple 
way. �e rules of nature are what the study of physics is 
about.

PERSONaL ESSaY

3I am forever indebted to Burl Grey for the stimulation he provided, 
for when I continued with formal education, it was with enthusiasm. 
I lost touch with Burl for 40 years. Then a student in my class at the 
Exploratorium in San Francisco, Jayson Wechter, who was a private 
detective, located him in 1998 and put us in contact. Friendship re-
newed, we once again continue in spirited conversations.

T1 + 50 N T2 – 50 N
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	 2.4	 Net Force and Vectors
Changes in motion are produced by a force or combination of forces (in the 
next chapter we’ll refer to changes in motion as acceleration). A force, in the 
simplest sense, is a push or a pull. Its source may be gravitational, electrical, 
magnetic, or simply muscular effort. When more than a single force acts on an 
object, we consider the net force. For example, if you and a friend pull in the 
same direction with equal forces on an object, the forces combine to produce a 
net force twice as great as your single force. If you both pull with equal forces 
in opposite directions, the net force is zero. The equal but oppositely directed 
forces cancel each other. One of the forces can be considered to be the nega-
tive of the other, and they add algebraically to zero, with a resulting net force 
of zero.

Figure 2.6 shows how forces combine to produce a net force. A pair of  
5-newton forces in the same direction produce a net force of 10 newtons (the 
newton, N, is the scientific unit of force). If the 5-newton forces are in opposite 
directions, the net force is zero. If 10 newtons of force is exerted to the right and  
5 newtons to the left, the net force is 5 newtons to the right. The forces are 
shown by arrows. When the length and direction of such arrows are drawn to 
scale, we refer to the arrow as a vector.

F I G U R E  2 . 6
Net force (a force of 5 N is about 
1.1 lb).

Applied forces

5 N 5 N

5 N
5 N

5 N 10 N

10 N

Net force

5 N

0 N

F I G U R E  2 . 7
This vector, scaled so that 1 cm 
equals 20 N, represents a force of  
60 N to the right.

F I G U R E  2 . 8
The pair of vectors at right angles to each other make two sides of a rectangle, the diagonal 
of which is their resultant.

Any quantity that requires both magnitude and direction for a complete de-
scription is a vector quantity (Figure 2.7). Examples of vector quantities include 
force, velocity, and acceleration. By contrast, a quantity that can be described by 
magnitude only, not involving direction, is called a scalar quantity. Mass, vol-
ume, and speed are scalar quantities.

Adding vectors that act along parallel directions is simple enough: If they act in 
the same direction, they add; if they act in opposite directions, they subtract. The 
sum of two or more vectors is called their resultant. To find the resultant of two 

The valentine vector says, “I was 
only a scalar until you came along 
and gave me direction.”

SCREENCAST: Net Force Vectors

VIDEO: Definition of a Newton
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vectors that don’t act in exactly the same or opposite direction, we use the paral-
lelogram rule.4 Construct a parallelogram in which the two vectors are adjacent 
sides—the diagonal of the parallelogram shows the resultant. In Figure 2.8, the 
parallelograms are rectangles.

In the special case of two vectors that are equal in magnitude and perpendicular 
to each other, the parallelogram is a square (Figure 2.9). Since for any square the 
length of a diagonal is 12, or 1.41, times one of the sides, the resultant is 12 times 
one of the vectors. For example, the resultant of two equal vectors of magnitude 
100 acting at a right angle to each other is 141.

Force Vectors
Figure 2.10 shows a pair of forces acting on a box. One is 30 newtons and the other 
is 40 newtons. Simple measurement shows that the resultant of this pair of forces 
is 50 newtons.

Figure 2.11 shows Nellie Newton hanging at rest from a clothesline. Note that the 
clothesline acts like a pair of ropes that make different angles with the vertical. The 
three steps show there are three forces acting on Nellie: her weight, a tension in the 
left-hand side of the rope, and a tension in the right-hand side of the rope. Because 
of the different angles, different rope tensions will occur in each side. Because Nel-
lie hangs in equilibrium, the two rope tensions must add vectorially to be equal and 
opposite to her weight. Which side has the greater tension? The parallelogram rule 
shows that the tension in the right-hand rope is greater than the tension in the left-
hand rope. If you measure the vectors, you’ll see that the tension in the right rope 
is about twice the tension in the left rope. Both rope tensions combine to support 
Nellie’s weight.

4A parallelogram is a four-sided figure with opposite sides parallel to each other. Usually, you determine 
the length of the diagonal by measurement, but in the special case in which the two vectors X and Y are 
perpendicular (a square or a rectangle), you can apply the Pythagorean theorem, R2 5 X2 1 Y2, to find 
the resultant: R 5 2X2 1 Y2.

F I G U R E  2 . 9
When a pair of equal-length vectors at 
right angles to each other are added, 
they form a square. The diagonal of 
the square is the resultant, 12 times 
the length of either side.

1

1

45°

2

F I G U R E  2 .1 0
The resultant of the 30-N and 40-N 
forces is 50 N.

30 N
50 N

40 N

F I G U R E  2 .1 1
(a) The force due to gravity on Nellie 
is shown by the downward vertical 
vector. An equal and opposite vector is 
needed for equilibrium, shown by the 
dashed vector. (b) This dashed vector is 
the diagonal of a parallelogram defined 
by the green lines. (c) Both rope 
tensions are shown by the constructed 
vectors. Tension is greater in the right 
rope, the one more likely to break.

(a) (b) (c)

F I G U R E  2 .1 2
Diana Lininger Markham  
illustrates the vector 
arrangement of Figure 2.11.

SCREENCAST: Nellie’s Ropes

SCREENCAST: Nellie’s Rope Tension
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More about force vectors can be found in Appendix D at the end of this book 
and in the Practicing Physics book. In the next chapter we’ll discuss velocity 
vectors.

	 2.5	 The Equilibrium Rule
If you tie a string around a 2-pound bag of f lour and hang it on a weighing scale 
(Figure 2.13), a spring in the scale stretches until the scale reads 2 pounds. The 
stretched spring is under a “stretching force” called tension. The same scale in a 
science lab is likely calibrated to read the same force as 9 newtons. Both pounds 
and newtons are units of weight, which in turn are units of force. The bag of 
f lour is attracted to Earth with a gravitational force of 2 pounds—or, equiva-
lently, 9 newtons. Hang twice as much flour from the scale and the reading will 
be 18 newtons.

Note that there are two forces acting on the bag of flour—tension force acting 
upward and weight acting downward. The two forces on the bag are equal and 
opposite, and they cancel to zero. Hence, the bag remains at rest. In accord with 
Newton’s first law, no net force acts on the bag. We can look at Newton’s first law 
in a different light—mechanical equilibrium.

When the net force on something is zero, we say that something is in mechani-
cal equilibrium.5 In mathematical notation, the equilibrium rule is

gF = 0

The symbol g  stands for “the vector sum of” and F stands for “forces.” For a 
suspended object at rest, like the bag of flour, the rule says that the forces acting 
upward on the object must be balanced by other forces acting downward to make 
the vector sum equal to zero. (Vector quantities take direction into account, so if 
upward forces are + , downward ones are - , and, when added, they actually 
subtract.)

In Figure 2.14, we see the forces involved for Burl and Paul on their sign-painting 
scaffold. The sum of the upward tensions is equal to the sum of their weights plus 
the weight of the scaffold. Note how the magnitudes of the two upward vectors 
equal the magnitude of the three downward vectors. The net force on the scaffold 
is zero, so we say it is in mechanical equilibrium.

5Something that is in equilibrium is without a change in its state of motion. When we study rotational 
motion in Chapter 8, we’ll see that another condition for mechanical equilibrium is that the net torque 
equals zero.

F I G U R E  2 .1 3
Burl Grey, who first introduced the 
author to tension forces, suspends a 
2-lb bag of flour from a spring scale, 
showing its weight and the tension in 
the string of about 9 N.

F I G U R E  2 .1 4
The sum of the upward forces equals the sum of the down-
ward forces. gF = 0 and the scaffold is in equilibrium.

SCREENCAST: Force Vector  
Diagrams
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C H E c K  P O I nt

Consider the gymnast hanging from the rings.

1. � If she hangs with her weight evenly divided between the two rings, how 
will the scale readings in both supporting ropes compare with her weight?

2. � Suppose she hangs with slightly more of her weight supported by the 
left ring. How will the right scale read?

C h E c K  Y O U r  A ns  W E rs
(Are you reading this before you have formulated reasoned answers in your 
thinking? If so, do you also exercise your body by watching others do push-
ups? Exercise your thinking: When you encounter the many Check Point 
questions throughout this book, think before you read the answers!)

1. � The reading on each scale will be half her weight. The sum of the read-
ings on both scales then equals her weight.

2. � When more of her weight is supported by the left ring, the reading on the 
right scale will be lower. Can you see that this is a less exaggerated situa-
tion than was shown in Figure 2.11, with the left and right ropes reversed?

500 N N

170 N N

0 N N

PRACTICING PHYSICS

1. � When Burl stands alone in the exact middle of his scaffold, the left 
scale reads 500 N. Fill in the reading on the right scale. �e total 
weight of Burl and the scaffold must be  N.

2. � Burl stands farther from the left end. Fill in the reading on the right 
scale.

3. � In a silly mood, Burl dangles from the right end. Fill in the reading on 
the right scale.

Practicing Physics Answers
Do your answers illustrate the equilibrium rule? In question 1, the right 
rope undergoes 500 N of tension because Burl is in the middle and both 
ropes support his weight equally. Since the sum of upward tensions is 
1000 N, the total weight of Burl and the scaffold must be 1000 N. Let’s 
call the upward tension forces +1000 N. �en the downward weights are 
-1000 N. What happens when you add +1000 N and -1000 N? �e 
answer is that they equal zero. So we see that gF = 0.

For question 2, did you get the correct answer of 830 N? Reasoning: We 
know from question 1 that the sum of the rope tensions equals 1000 N, and 
since the left rope has a tension of 170 N, the other rope must make up the 
difference—that is, 1000 N 2 170 N =  830 N. Get it? If so, great. If not, 
talk about it with your friends until you do. �en read further.

�e answer to question 3 is 1000 N. Do you see that this illustrates  gF = 0?

Everything not undergoing 
changes in motion is in mechanical 
equilibrium. That’s when gF = 0.

SCREENCAST: Equilibrium Rule

SCREENCAST: Equilibrium  
Problems
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	 2.6	 Support Force
Consider a book lying at rest on a table. It is in equilibrium. What forces act on the 
book? One force is that due to gravity—the weight of the book. Since the book is in 
equilibrium, there must be another force acting on the book to produce a net force 
of zero—an upward force opposite to the force of Earth’s gravity. The table exerts 
this upward force. We call this the upward support force. This upward support force, 
often called the normal force, must equal the weight of the book.6 If we call the up-
ward force positive, then the downward weight is negative, and the two add to zero. 
The net force on the book is zero. Another way to say the same thing is gF = 0.

To understand better that the table pushes up on the book, compare the case of 
compressing a spring (Figure 2.15). If you push the spring down, you can feel the 
spring pushing up on your hand. Similarly, the book lying on the table compresses 
atoms in the table, which behave like microscopic springs. The weight of the book 
squeezes downward on the atoms, and they squeeze upward on the book. In this 
way, the compressed atoms produce the support force.

When you step on a bathroom scale, two forces act on the scale. One is your 
downward push on the scale—the result of gravity pulling on you—and the other 
is the upward support force of the floor. These forces squeeze a mechanism (in ef-
fect, a spring) within the scale that is calibrated to show the magnitude of the sup-
port force (Figure 2.16). The force with which you push down on the scale is your 
weight, which has the same magnitude as the upward support force. When you are 
in equilibrium your weight equals the force of gravity acting on you.

F I G U R E  2 .1 5
(Left) The table pushes up on the 
book with as much force as the 
downward force of gravity on the 
book. (Right) The spring pushes up 
on your hand with as much force 
as you exert to push down on the 
spring.

C H E c K  P o I N T

1. �W hat is the net force on a bathroom scale when a 150-pound person 
stands on it?

2. � �Suppose you stand on two bathroom scales with your weight evenly 
divided between the two scales. What will each scale read? What will hap-
pen if you stand with more of your weight on one foot than the other?

C H ec  K  Y O U r  A ns  W ers 
1.  �Zero, as evidenced by the scale remaining at rest. The scale reads the sup-

port force, which has the same magnitude as weight—not the net force.
2.  �The reading on each scale will be half your weight. Then the sum of the scale 

readings will balance your weight and the net force on you will be zero. If 
you lean more on one scale than the other, more than half your weight will 
be read on that scale but less on the other, so they will still add up to your 
weight. Like the example of the gymnast hanging by the rings, if one scale 
reads two-thirds your weight, the other scale will read one-third your weight.

F I G U R E  2 .1 6
Your weight is the force you exert on 
a supporting surface, which when in 
equilibrium is the gravitational force 
on you. The scale reading shows both 
your weight and the support force.

Gravitational
force

Support force
(scale reading)

	 2.7	 Equilibrium of Moving Things
Rest is only one form of equilibrium. An object moving at constant speed in a 
straight-line path is also in equilibrium. Equilibrium is a state of no change. A 
bowling ball rolling at constant speed in a straight line is in equilibrium—until it 
hits the pins. Whether an object is at rest (static equilibrium) or steadily rolling in 
a straight-line path (dynamic equilibrium), gF = 0.

It follows from Newton’s first law that an object that is under the influence of only one 
force cannot be in equilibrium. The net force couldn’t be zero. Only when two or more 
6In geometry, “normal to” means “at right angles to.” Since this force pushes up at right angles to the surface, 
it is called a “normal force.”

A zero net force on an object 
doesn’t mean that the object must 
be at rest, but that its state of 
motion remains unchanged. It can 
be at rest or moving uniformly in a 
straight line.
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forces act on an object can it be in equilibrium. We can test whether or not something 
is in equilibrium by noting whether or not it undergoes changes in its state of motion.

Consider a crate being pushed horizontally across a factory floor. If it moves at a 
steady speed in a straight-line path, it is in dynamic equilibrium. This tells us that 
more than one force acts on the crate. Another force exists—likely the force of fric-
tion between the crate and the floor. The fact that the net force on the crate equals 
zero means that the force of friction must be equal and opposite to our pushing force.

The equilibrium rule, gF = 0, provides a reasoned way to view all things at 
rest—balancing rocks, objects in your room, or the steel beams in bridges or in 
building construction. Whatever their configuration, if an object is in static equi-
librium, all acting forces always balance to zero. The same is true of objects that 
move steadily, not speeding up, slowing down, or changing direction. For dynamic 
equilibrium, all acting forces also balance to zero. The equilibrium rule is one that 
allows you to see more than meets the eye of the casual observer. It’s nice to know 
the reasons for the stability of things in our everyday world.

There are different forms of equilibrium. In Chapter 8, we’ll talk about rota-
tional equilibrium, and, in Part 4, we’ll discuss thermal equilibrium associated 
with heat. Physics is everywhere.

F I G U R E  2 .1 7
When the push on the crate is as 
great as the force of friction that the 
floor exerts on the crate, the net force 
on the crate is zero and it slides at an 
unchanging speed.

75-N friction
force

75-N
applied force

F I G U R E  2 .1 8
Can the bird drop down and catch 
the worm if Earth moves at 30 km/s?

C H E c K  P o I N T

An airplane flies at constant speed in a horizontal straight path. In other words, 
the flying plane is in equilibrium. Two horizontal forces act on the plane. One is 
the thrust of the propeller that pushes it forward, and the other is the force of 
air resistance that acts in the opposite direction. Which force is greater?

C H ec  K  Y O U r  A ns  W er
Both forces have the same magnitude. Call the forward force exerted by the 
propeller positive. Then the air resistance is negative. Since the plane is in 
dynamic equilibrium, can you see that the two forces combine to equal zero? 
Hence the plane neither gains nor loses speed.

	 2.8	 The Moving Earth
When Copernicus announced the idea of a moving Earth in the 16th century, the 
concept of inertia was not understood. There was much arguing and debate about 
whether or not Earth moved. The amount of force required to keep Earth moving 
was beyond imagination. Another argument against a moving Earth was the follow-
ing: Consider a bird sitting at rest at the top of a tall tree. On the ground below is a 
fat, juicy worm. The bird sees the worm, drops vertically, and catches it. This would 
be impossible, it was argued, if Earth moved as Copernicus suggested. If Copernicus 
were correct, Earth would have to travel at a speed of 107,000 kilometers per hour to 
circle the Sun in one year. Convert this speed to kilometers per second and you get 30 
kilometers per second. Even if the bird could descend from its branch in 1 second, the 
worm would have been swept by the moving Earth a distance of 30 kilometers away. 
It would be impossible for a bird to drop straight down and catch a worm. But birds 
in fact do catch worms from high tree branches, which seemed to be clear evidence 
that Earth must be at rest.

Can you refute this argument? You can if you invoke the idea of inertia. You see, 
not only is Earth moving at 30 kilometers per second but so are the tree, the branch 
of the tree, the bird on the branch, the worm below, and even the air in between. All 
are moving at 30 kilometers per second. Things in motion remain in motion if no 
unbalanced forces are acting upon them. So, when the bird drops from the branch, 
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its initial sideways motion of 30 kilometers per second remains unchanged. It catches 
the worm, quite unaffected by the motion of its total environment.

Stand next to a wall. Jump up so that your feet are no longer in contact with 
the floor. Does the 30-kilometer-per-second wall slam into you? It doesn’t, because 
you are also traveling at 30 kilometers per second—before, during, and after your 
jump. The 30 kilometers per second is the speed of Earth relative to the Sun, not 
the speed of the wall relative to you.

People 400 years ago had difficulty with ideas like these, not only because they failed 
to acknowledge the concept of inertia but because they were not accustomed to moving 
in high-speed vehicles. Slow, bumpy rides in horse-drawn carriages did not lend them-
selves to experiments that would reveal the effect of inertia. Today we flip a coin in a 
high-speed car, bus, or plane, and we catch the vertically moving coin as we would if the 
vehicle were at rest. We see evidence for the law of inertia when the horizontal motion 
of the coin before, during, and after the catch is the same. The coin keeps up with us. 
The vertical force of gravity affects only the vertical motion of the coin.

Our notions of motion today are very different from those of our ancestors. 
Aristotle did not recognize the idea of inertia because he did not see that all moving 
things follow the same rules. He imagined that the rules for motion in the heavens 
were very different from the rules for motion on Earth. He saw vertical motion as 
natural but horizontal motion as unnatural, requiring a sustained force. Galileo 
and Newton, on the other hand, saw that all moving things follow the same rules. 
To them, moving things require no force to keep moving if there are no opposing 
forces, such as friction. We can only wonder how differently science might have 
progressed if Aristotle had recognized the unity of all kinds of motion.

F I G U R E  2 .1 9
When you flip a coin in a high-speed 
airplane, it behaves as if the airplane 
were at rest. The coin keeps up with 
you—inertia in action!

Inertia  The property of things to resist changes in motion.
Newton’s first law of motion (the law of inertia)  Every 

object continues in a state of rest or of uniform speed in a 
straight line unless acted on by a nonzero net force.

Force  In the simplest sense, a push or a pull.
Net force  The vector sum of forces that act on an object.
Vector  An arrow drawn to scale used to represent a vector 

quantity.
Vector quantity  A quantity that has both magnitude and 

direction, such as force.

Scalar quantity  A quantity that has magnitude but not 
direction, such as mass and volume.

Resultant  The net result of a combination of two or more vectors.
Mechanical equilibrium  The state of an object or system 

of objects for which there are no changes in motion. In 
accord with Newton’s first law, if an object is at rest, the 
state of rest persists. If an object is moving, its motion 
continues without change.

Equilibrium rule  For any object or system of objects in 
equilibrium, the sum of the forces acting equals zero. In 
equation form, gF = 0.

S U M M A R Y  of   T E R M s  ( K N O W L E D G E )

For instructor-assigned homework, go to www.masteringphysics.com 

R E A D I N G  C H E c K  Q U E s T I o N s  ( C O M P R E H E N S I O N )

Most chapters in this book conclude with a set of questions, 
activities, problems, and exercises. Reading Check Questions 
are designed to help you comprehend ideas and grasp the essen-
tials of the chapter material. You’ ll notice that answers to the 
questions can be found within the chapters. Think and Do 
activities focus on hands-on applications (there are none in this 
chapter). Simple Plug and Chug one-step problems are for equa-
tion familiarization (there are none in this chapter). Your math 
skills are applied to Think and Solve problems, followed by 

Think and Rank tasks that prompt you to analyze and com-
pare the magnitudes of various quantities.The most important 
end-of-chapter items are Think and Explain exercises, which 
stress synthesizing material and focus on thinking rather than 
mere recall of information. Unless you cover only a few chapters 
in your course, you will likely be expected to tackle only a few of 
these exercises for each chapter. Think and Discuss questions 
follow and, as the name implies, are meant to elicit discussions 
with your classmates. Put on your thinking cap and begin!

www.masteringphysics.com
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2.1 Aristotle on Motion
	 1.	What class of motion, natural or violent, did Aristotle 

attribute to motion of the Moon?
	 2.	What state of motion did Aristotle attribute to Earth?
	 3.	What relationship between the Sun and Earth did 

Copernicus formulate?

2.2 Galileo’s Experiments
	 4.	What did Galileo discover in his legendary experiment 

on the Leaning Tower of Pisa?
	 5.	What did Galileo discover about moving bodies and 

force in his experiments with inclined planes?
	 6.	Is inertia the reason for moving objects maintaining 

motion or the name given to this property?

2.3 Newton’s First Law of Motion
	 7.	How does Newton’s first law of motion relate to Galileo’s 

concept of inertia?
	 8.	What type of path does a moving object follow in the 

absence of a force?

2.4 Net Force and Vectors
	 9.	What is the net force on a cart that is pulled to the right with 

100 pounds of force and to the left with 30 pounds of force?
	10.	Why do we say that force is a vector quantity?
	 11.	According to the parallelogram rule, what quantity is rep-

resented by the diagonal of a constructed parallelogram?
	12.	What is the resultant of a pair of 1-pound forces at right 

angles to each other?
	13.	Consider Nellie hanging at rest in Figure 2.11. If the 

ropes were vertical, with no angle involved, what would 
be the tension in each rope?

2.5 The Equilibrium Rule
	14.	Can force be expressed in units of pounds and also in 

units of newtons?

	 15.	What is the net force on an object that is pulled with forces 
of 80 newtons to the right and 80 newtons to the left?

	16.	What is the net force on a bag pulled down by gravity 
with a force of 18 newtons and pulled upward by a rope 
with a force of 18 newtons?

	 17.	What does it mean to say something is in mechanical 
equilibrium?

	18.	State the equilibrium rule for forces in symbolic notation.

2.6 Support Force
	 19.	Consider a book that weighs 15 N at rest on a flat table. 

How many newtons of support force does the table 
provide? What is the net force on the book in this case?

	20.	When you stand at rest on a bathroom scale, how does 
your weight compare with the support force by the scale?

2.7 Equilibrium of Moving Things
	 21.	A bowling ball at rest is in equilibrium. Is the ball 

in equilibrium when it moves at constant speed in a 
straight-line path?

	22.	What is the net force on an object in either static or 
dynamic equilibrium?

	23.	If you push on a crate with a force of 100 N and it slides 
at constant velocity, how great is the friction acting on 
the crate?

2.8 The Moving Earth
	24.	What concept was not understood in the 16th century 

when people couldn’t conceive of a moving Earth?
	25.	A bird sitting in a tree is traveling at 30 km/s relative to 

the faraway Sun. When the bird drops to the ground 
below, does it still move at 30 km/s, or does this speed 
become zero?

	26.	Stand next to a wall that travels at 30 km/s relative to the 
Sun. With your feet on the ground, you also travel at the 
same 30 km/s. Do you maintain this speed when your feet 
leave the ground? What concept supports your answer?

CHAP TER 2    REV IEW

	 27.	Lucy Lightfoot stands with one foot on one bathroom 
scale and her other foot on a second bathroom scale. 
Each scale reads 350 N. What is Lucy’s weight?

	28.	Henry Heavyweight weighs 1200 N and stands on a pair 
of bathroom scales so that one scale reads twice as much 
as the other. What are the scale readings?

	29.	The sketch shows a 
painter’s scaffold in 
mechanical equi-
librium. The per-
son in the middle 
weighs 500 N, and 
the tensions in each 
rope are 400 N. 
What is the weight 
of the scaffold?

	30.	A different scaffold that weighs 400 N supports two paint-
ers, one 500 N and the other 400 N. The reading in the left 
scale is 800 N. What is the reading in the right-hand scale?

400 N

500 N

400 N

T H I N K  A N D  S o L V E  ( M athematical            A pplicatio         N )

500 N

800 N

400 N 400 N

?
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Absolute temperature (Kelvin) 

scale, 286, 338–339
Absolute zero, 286, 337–339
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Absorption spectra, 569
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air resistance and, 64–67
centrifugal, 149
centripetal, 134
definition of, 43
of Earth, 79
force and, 58–59
free fall and, 46–50, 64–65
friction and, 59–61
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inertia and, 58, 64–65
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principle of equivalence and, 689
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velocity and, 43–46, 50
weight and, 61–63
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Acoustics, 380
Action-reaction forces
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law of, 76–85
vectors and, 76–79

Adams, J. C., 175
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of vectors, 28–29
of velocities, 673–675

Additive manufacturing, 235
Additive primary colors, 508
Adhesion, 258
Adiabatic processes, 341
Age of Reason, 176
Air

buoyancy of, 271–272
compression of, 265
convection in, 304–306
density of, 266–267

Boyle’s law and, 270–271
insulating properties of, 304
saturated, 324
sound in

speed of, 378–379
transmission of, 376–378

streamlines in, 274–275
weight of, 266–267

Air pressure, 266–267
Air resistance (air drag)

acceleration and, 64–67
free fall and, 60
speed of falling object and, 49

Air temperature, 305
condensation and, 324–325
pressure and, 341–343

Airflow, pressure and, 272–275
Airplanes

air flow around wings, 274
sonic booms from, 367–368
supersonic, 367
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in, 649
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617–618, 624

in transmutation, 628–630
Alternating current (ac), 437–438, 

453, 474
Altimeters, 269
AM radio signals, 386, 548
Amber effect, 604
Ammeter, 461
Amorphous solids, 228
Ampere, 432
Ampere, Andre Marie, 453
Amplitude, of wave, 359
Amu (atomic mass unit), 218
Analog recording, 399–400
Ancient Greece, science in, 3–6
Anderson, Carl, 680
Aneroid barometers, 269
Angle of attack, 274–275
Angular momentum, 150–152

conservation of, 151–152
vs. linear momentum, 150

Angular speed, 133–134
Animal, size vs. strength of, 237–239
Animal navigation

echolocation in, 381–382, 387
magnetism in, 465

Antennas, fractal, 490
Antimatter, 221–222
Antinodes, of standing waves, 364
Antinoise technology, 385
Antiparticles, 680
Ants

adaptation to heat, 295
size vs. strength of, 237

Apogee, 198
Apparent force, 148
Arches, 234–236
Archimedes, 120
Archimedes’ principle, for air, 

271–272
Area, surface, scaling and, 236–239
Aristarchus, 4–7
Aristotle, 9, 23, 209

theory of motion, 21–22, 23, 
25, 34

Armatures, 462, 474–475
Art, science and, 12
Artificial light, 441

color and, 506
Astigmatism, 537
Astronauts. See Space travel

Atmosphere, 265. See also Air
climate change and, 313–314
condensation in, 324–325
dimensions of, 265–266
gas density in, 265–266, 272
greenhouse effect and, 312–313
layers of, 265–266
tides in, 170
transparency of, 493

Atmospheric pressure, 247, 
266–269

measurement of, 268–269
units of, 268

Atom(s), 209–218, 408–410
Bohr’s (planetary) model of, 

213, 215, 607–608
Brownian motion and, 210
characteristics of, 210–211
charged, 215–217, 410
electrons in, 213, 408–410
excitation of, 564–566, 567
images of, 212–213
motion of, 209, 210, 211
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