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ince its first edition, University Physics has been renowned for its emphasis on fundamental

principles and how to apply them. This text is known for its clear and thorough narrative and for

its uniquely broad, deep, and thoughtful set of worked examples—Kkey tools for developing both
conceptual understanding and problem-solving skills.

The Fourteenth Edition improves the defining features of the text while adding new features
influenced by physics education research. A focus on visual learning, new problem types, and
pedagogy informed by MasteringPhysics metadata headline the improvements designed to create the
best learning resource for today’s physics students.

A FOCUS ON PROBLEM SOLVING

Aresearch-based PROBLEM SOLVING APPROACH
IDENTIFY, SET UP, EXECUTE, EVALUATE is used

in every Example and throughout the Student s and
Instructor s Solutions Manuals and the Study Guide. This
consistent approach teaches students to tackle problems
thoughtfully rather than cutting straight to the math.

NOILNTOS

LOCATING YOUR CENTER OF GRAVITY WHILE YOU WORK OUT

The plank (Fig. 11.8a) is a great way to strengthen abdominal, the distance from his toes to the middle of his forearms is 1.53 m.
back, and shoulder muscles. You can also use this exercise posi- ~How far from his toes is his center of gravity?

tion to locate your center of gravity. Holding plank position with

a scale under his toes and another under his forearms, one athlete  soLuTION

measured that 66.0% of his weight was supported by his forearms
and 34.0% by his toes. (That is, the total normal forces on his
forearms and toes were 0.660w and 0.340w, respectively, where
w is the athlete’s weight)) He is 1.80 m tall, and in plank position

IDENTIFY and SET UP: We can use the two conditions for equilib-
rium, Egs. (11.6), for an athlete at rest. So both the net force and
net torque on the athlete are zero. Figure 11.8b shows a free-body
diagram, including x- and y-axes and our convention that coun-
terclockwise torques are positive. The weight w acts at the center
11.8 An athlete in plank position. of gravity, which is between the two supports (as it must be; see
(@ Section 11.2). Our target variable is the distance L, the lever arm
of the weight with respect to the toes T, so it is wise to take torques
1.80m with respect to T. The torque due to the weight is negative (it tends
to cause a clockwise rotation around T),
upward normal force at the forearms F is

a counterclockwise rotation around T). PROBLEM-SOLVING STRATEGY 3.1  PROJECTILE MOTION

EXECUTE: The first condition for equilibrium
153m gF; 0 because there are no x
because 0.340w  0.660w 1 w2
equation and solve for Lgg:
(b) gtz 0340wl02  wlg
L 101m

NOTE: The strategies we used in Sections 2.4 and 2.5 for straight-
o line, conétant-acceleration problems are also useful here.

you have as many equations as there are target variables to be
found. In addition to Egs. (3.19) through (3.22), Egs. (3.23)
through (3.26) may be useful.

State the problem in words and then translate those words into
symbols. For example, when does the particle arrive at a certain
point? (That is, at what value of t?) Where is the particle when
its velocity has a certain value? (That is, what are the values of
x and y when vy or v, has the specified value?) Since vy 0
at the highest point in a trajectory, the question “When does
the projectile reach its highest point?” translates into “What is
the value of t when v, 0?” Similarly, “When does the pro-
jectile return to its initial elevation?” translates into “What is
the value of twheny  yg?”

IDENTIFY the relevant concepts: The key concept is that through-
out projectile motion, the acceleration is downward and has a
constant magnitude g. Projectile-motion equations don’t apply to
throwing a ball, because during the throw the ball is acted on by
both the thrower’s hand and gravity. These equations apply only
after the ball leaves the thrower’s hand.

@«

EVALUATE: The center of gravity is
navel (as it is for most people) and closer
his toes, which is why his forearms

You can check our result by writing the
forearms F. You'll find that his center of
forearms, or 11.53m2  10.52 m2

ET UP the problem using the following steps:

1. Define your coordinate system and make a sketch showing
your axes. It's almost always best to make the x-axis horizontal
and the y-axis vertical, and to choose the origin to be where
the body first becomes a projectile (for example, where a ball

PROBLEM SOLVING STRATEGIES

coach students in how to approach

leaves the thrower’s hand). Then the components of accelera-
tionarea,  Oand ay y, as in Eq. (3.13); the initial posi-
tionisx, Yo 0;andyou can use Egs. (3.19) through (3.22).
(1f you choose a different origin or axes, you’ll have to modify
these equations.)

2. List the unknown and known quantities, and decide which
unknowns are your target variables. For example, you might
be given the initial velocity (either the components or the
magnitude and direction) and asked to find the coordinates
and velocity components at some later time. Make sure that

EXECUTE the solution: Find the target variables using the equa-
tions you chose. Resist the temptation to break the trajectory into
segments and analyze each segment separately. You don’t have to
start all over when the projectile reaches its highest point! It’s
almost always easier to use the same axes and time scale through-
out the problem. If you need numerical values, use g~ 9.80 m>s.
Remember that g is positive!

EVALUATE your answer: Do your results make sense? Do the
numerical values seem reasonable?

specific types of problems.

HOW LONG TO DRAIN?

A large cylindrical tank with diameter D is open to the air at the
top. The tank contains water to a height H. A small circular hole
with diameter d, where d \/' D, is then opened at the bottom of
the tank (Fig. 12.32). Ignore any effects of viscosity. (a) Find y, the
height of water in the tank a time t after the hole is opened, as a
function of t. (b) How long does it take to drain the tank completely?
(c) If you double height H, by what factor does the time to drain the
tank increase?

SOLUTION GUIDE

IDENTIFY and SET UP

1. Draw a sketch of the situation that shows all of the relevant
dimensions.

. List the unknown quantities, and decide which of these are the

target variables.

At what speed does water flow out of the bottom of the tank?

How is this related to the volume flow rate of water out of the

tank? How is the volume flow rate related to the rate of

change of y?

~

w

EXECUTE

4. Use your results from step 3 to write an equation for dy>dt.

5. Your result from step 4 is a relatively simple differential equa-
tion. With your knowledge of calculus, you can integrate it to
find y as a function of t. (Hint: Once you've done the integra-
tion, you'll still have to do a little algebra.)

NOILNTOS

12.32 A water tank that is open at the top and has a hole at
the bottom.

D
Tank

Water height H Water height y
att=20 Water attime t

6. Use your result from step 5 to find the time when the tank is
empty. How does your result depend on the initial height H?

EVALUATE

Check whether your answers are reasonable. A good check is
to draw a graph of y versus t. According to your graph, what is
the algebraic sign of dy>dt at different times? Does this make
sense?

~

BRIDGING PROBLEMS, which help
students move from single-concept
worked examples to multi-concept
problems at the end of the chapter, have
been revised, based on reviewer feedback,
ensuring that they are effective and at the
appropriate difficulty level.



PEDAGOGY INFORMED BY DATA AND RESEARCH

DATA SPEAKS SIDEBARS, based on MasteringPhysics

DATA SPEAKS

Gravitation

When students were given a problem
about superposition of gravitational
forces, more than 60% gave an incorrect
response. Common errors:

Assuming that equal-mass objects A and
B must exert equally strong gravitational
attraction on an object C (which is not
true when A and B are different distances
from C)

Neglecting to account for the vector
nature of force. (To add two forces that
pointin different directions, you can’t
just add the force magnitudes.)

PASSAGE PROBLEMS

BIO PRESERVING CELLS AT COLD TEMPERATURES. In
cryopreservation, biological materials are cooled to a very low
temperature to slow down chemical reactions that might damage
the cells or tissues. It is important to prevent the materials from
forming ice crystals during freezing. One method for preventing
ice formation is to place the material in a protective solution called
a cryoprotectant. Stated values of the thermal properties of one
cryoprotectant are listed here:

Melting point -20C
2.80 * 10° J>kg
45 * 10° kg’ K

Latent heat of fusion

wheéii.117 Careful measurements show that the specific heat of 1
1s afolid phase depends on temperatiig.(P17.117. How will the
:al actual time needed for this cryoprotectant to come to equilibrit
madith the cold plate compare with the time predicted by using t
values in the table? Assume that all values other than the spe
yrahdat (solid) are correct. The actual time (a) will be shorter; (b) w
1 be longer; (c) will be the same; (d) depends on the density of

cryoprotectant.

1e t¥gure P17.117

f heat ¢ (Bkg #()
5000
4000
3000
2000
1000

0 T(°C)
©200-150-100 -50 0 50

metadata, alert students to the statistically most common
mistakes made in solving problems on a given topic.

Coordinates at time t of

a projectile (positive
y-direction is upward,

andx=y = 0att= 0)

Velocity components at

(positivey-direction

is upward)

X = lvg cosapt (3.19)
Speed  Direction )
att=0 att=o  1me
— ; 1.2
y = 1ygsinagt gt (3.20)
Vx = Vg €C0Sqy Acceleration (3.21)

due to gravity:

time t of a projectile Speed Direction Noteg O.
att=0 att=20
_ . Time
Vy = Vgsinag gt (3.22)

AllKEY EQUATIONS ARE NOW ANNOTATED to help students
make a connection between a conceptual and a mathematical
understanding of physics.

Each chapter includes three to five PASSAGE PROBLEMS,
which follow the format used in the MCATs. These problems
require students to investigate multiple aspects of a real-life
physical situation, typically biological in nature, as described

in a reading passage.

DATA PROBLEMS appear in each chapter. These data-
based reasoning problems, many of which are context
rich, require students to use experimental evidence,
presented in a tabular or graphical format, to formulate
conclusions.

9.89 - DATA You are rebuilding a 1965 Chevrolet. To decide
whether to replace the flywheel with a newer, lighter-weight one,
you want to determine the moment of inertia of the original,
35.6-cm-diameter flywheel. It is not a uniform disk, so you can’t
use | = 3MR? to calculate the moment of inertia. You remove the
flywheel from the car and use low-friction bearings to mount it
on a horizontal, stationary rod that passes through the center of
the flywheel, which can then rotate freely (about 2 m above the
ground). After gluing one end of a long piece of flexible fishing
line to the rim of the flywheel, you wrap the line a number of
turns around the rim and suspend a 5.60-kg metal block from
the free end of the line. When you release the block from rest,
it descends as the flywheel rotates. With high-speed photography
you measure the distance d the block has moved downward as a
function of the time since it was released. The equation for the
graph shown in Fig. P9.89 that gives a good fit to the data points
is d = 1165 cm>s?2t2. (a) Based on the graph, does the block fall
with constant acceleration? Explain. (b) Use the graph to calculate
the speed of the block when it has descended 1.50 m. (c) Apply
conservation of mechanical energy to the system of flywheel and
block to calculate the moment of inertia of the flywheel. (d) You
are relieved that the fishing line doesn’t break. Apply Newton’s
second law to the block to find the tension in the line as the block
descended.



asteringPhysics® from Pearson is the leading online homework, tutorial, and assessment system,
I\/I designed to improve results by engaging students before, during, and after class with powerful
content. Instructors can now ensure that students arrive ready to learn by assigning educationally
effective content before class, and encourage critical thinking and retention with in-class resources such
as Learning Catalytics. Students can further master concepts after class through traditional and adaptive
homework assignments that provide hints and answer-specific feedback. The Mastering gradebook records
scores for all automatically graded assignments in one place, while diagnostic tools give instructors access

to rich data to assess student understanding and misconceptions.

Mastering brings learning full circle by continuously adapting to each student and making learning more

personal than ever—before, during, and after class.

BEFORE CLASS

INTERACTIVE PRE
LECTURE VIDEO®ddress
the rapidly growing movement
toward pre-lecture teaching
and flipped classrooms.
These videos provide a
conceptual introduction

to key topics. Embedded
assessment helps students to
prepare before lecture and
instructors to identify student
misconceptions.

DURING CLASS

LEARNING CATALYTICS8"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.

t Understand immediately where students are
and adjust your lecture accordingly.

t Improve your students’ critical-thinking skills.

t Access rich analytics to understand student
performance.

t Add your own questions to make Learning
Caalytics fit your course exactly.

t Manage student interactions with intelligent
grouping and timing.

PRE LECTURE CONCEPT
QUESTIONScheck familiarity with
key concepts, prompting students
to do their assigned reading prior
to coming to class. These quizzes
keep students on track, keep them
more engaged in lecture, and help
you spot the concepts with which
they have the most difficulty. Open-
ended essay questions help students
identify what they find most difficult
about a concept, better informing
you and assisting with “just-in-time”
teaching.



AFTER CLASS

TUTORIALSeaturing specific wrong-

ansver feedback, hints, and a wide variety
of educationally effective content guide

your students through the toughest topics

in physics. The hallmark Hints and Feedback
offer instruction similar to what students
would experience in an office hour, allowing
them to learn from their mistakes without
being given the answer.

ADAPTIVE FOLLOW UP&re personalized assignments
that pair Mastering’s powerful content with Knewton’s adaptive
learning engine to provide personalized help to students.
These assignments address common student misconceptions

and topics students struggled with on assigned homework,
including core prerequisite topics. VIDEO TUTOR DEMONSTRATIONilable in

the Study Area and in the Item Library and accessible
by QR code in the textbook, feature “pause-and-
predict” demonstrations of key physics concepts

as assessment to engage students actively in
understanding key concepts. New VTDs build on

the existing collection, adding new topics for a more
robust set of demonstrations.

VIDEO TUTOR SOLUTION#® tied to each worked example and Bridging
Problem in the textbook and can be accessed through MasteringPhysics or from
QR codes in the textbook. They walk students through the problem-solving
process, providing a virtual teaching assistant on a round-the-clock basis.
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TO THE STUDENT

HOW TO SUCCEED IN PHYSICS
BY REALLY TRYING

Mark Hollabaugh, Normandale Community College, Emeritus

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

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

PREPARATION FOR THIS COURSE

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

LEARNING TO LEARN

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

Answer the following questions for yourself:

r "N *BCMF UP VTF GVOEBNFOUBM NBUIFNBUJDBM DPODFQUT GSPN BMHF

and trigonometry? (If not, plan a program of review with help from your
professor.)

r *O TINJMBS DPVSTFT XIBU BDUJWJUZ IBT HIWFO NF UIF NPTU USPVCMF

time on this.) What has been the easiest for me? (Do this first; it will build
your confidence.)

r %P * VOEFSTUBOE UIF NBUFSJBM CFUUFS JG
lecture? (You may learn best by skimming the material, going to lecture, and
then undertaking an in-depth reading.)

*

SFBE UIF CPPL CFGP
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HOW TO SUCCEED IN PHYSICS BY REALLY TRYING

r %P * TQFOE BEFRVBUF UJNF TUVEZJOH QIZTJDT
this is to devote, on average, 2.5 hours out of class for each hour in class. For
a course that meets 5 hours each week, that means you should spend about
10 to 15 hours per week studying physics.)

r %P * TUVEZ QIZTJDT FWFSZ EBZ 4QSFBE UIBU
week!) At what time of the day am | at my best for studying physics? (Pick a
specific time of the day and stick to it.)

UF

r %P * XPSL JO B RVJFU QMBDF XIFSF * DBO NBJOUBJ

break your routine and cause you to miss important points.)

WORKING WITH OTHERS

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

LECTURES AND TAKING NOTES

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

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

Ask questions in class, or see your professor during office hours. Remember
that the only “dumb” question is the one that is not asked. Your college may have
teaching assistants or peer tutors who are available to help you with any difficulties.

EXAMINATIONS

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



TO THE INSTRUCTOR

PREFACE

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

In preparing this new Fourteenth Edition, we have further augmented and
developedJniversity Physics to assimilate the best ideas from education research
with enhanced problem-solving instruction, pioneering visual and conceptual
pedagogy, all-new categories of end-of-chapter problems, and the most peda-
gogically proven and widely used online homework and tutorial system in the
world.

NEW TO THIS EDITION

r All key equations now include annotations that describe the equation and
explain the meanings of the symbols in the equation. These annotations help
promote in-depth processing of information and greater recall.
r DATA SPEAKS sidebars in each chapter, based on data captured from thou-
sands of students, alert students to the statistically most common mistakes
students make when working problems on related topics in MasteringPhysics.
r Updated modern physics content includes sections on quantum measure-
ment (Chapter 40) and quantum entanglement (Chapter 41), as well as recent
data on the Higgs boson and cosmic background radiation (Chapter 44).
r Additional bioscience applications appear throughout the text, mostly in the
form.of marglnal photos with explanatory capt|on§, to hel_p s.tudents. see E%"P{dard, Extended.
physics is connected to many breakthroughs and discoveries in the b|0$C|e£hc(§a§hree_VO|ume Editions
r 51F text has been streamlined with tighter and more focused language. ) _
r Based on data from MasteringPhysics, changes to the end-of-chapter contenf/Ith MasteringPhysics:
include the following: t Standard Edition: Chapters 1-37
r25%-30% of problems are new or revised. (ISBN 978-0-13-409650-6)
r .PTU DIBQUFST JODMVEF six to ten biosciences-related pFaffigfisd, Edition: Chapters 1-44
r 51F OV N@FSt-rRiGproblems is increased to facilitate the greater (ISBN 978-0-321-98258-2)
learning gains that they can offer. Without MasteringPhysics:
rThree newDATA problems appear in each chapter. These typically context- siandard Edition: Chapters 1-37
rich, data-based reasoning problems require students to use experiment@lgn 978-0-13-396929-0)
evidence, presented in a tabular or graphical format, to formulate conclusipngytended Edition: Chapters 1-44
r &BDI DIBQUFS theR Xo fiv® et Rasdade Problems, which  (sBN 978-0-321-97361-0)
follow the format that is used in the MCATSs. These problems require stud@ntgojume 1: Chapters 1-20
to investigate multiple aspects of a real-life physical situation, typically (1SBN 978-0-13-397804-9)
biological in nature, that is described in a reading passage. t Volume 2: Chapters 21-37
r Looking back at ... essential past concepts are listed at the beginning of eaglsBN 978-0-13-397800-1)
chapter, so that students know what they need to have mastered before diggirRgume 3: Chapters 37-44
into the current chapter. (ISBN 978-0-13-397802-5)
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KEY FEATURES OF UNIVERSITY PHYSICS

r .PSF UIRA codes throughout the book allow students to use a mobile
phone to watch an interactive video of a physics instructor giving a relevant
physics demonstration (Video Tutor Demonstration) or showing a narrated
and animated worked Example (Video Tutor Solution).

All of these videos also play directly through links within the Pearson eText
as well as the Study Area within MasteringPhysics.

r &OE PG BitdBiygWrmBlems, many revised, provide a transition be-
tween the single-concept Examples and the more challenging end-of-chapter
problems. Each Bridging Problem poses a difficult, multiconcept problem
that typically incorporates physics from earlier chapters. A skeleton Solution
Guide, consisting of questions and hints, helps train students to approach and
solve challenging problems with confidence.

r %FFQ BOE problent &6 tuvér a wide range of difficulty (with blue
dots to indicate relative difficulty level) and exercise both physical under
standing and problem-solving expertise. Many problems are based on complex
real-life situations.

r 51JT UFYUCP P IExBnpes-ahd Qée&pual Examples than most
other leading calculus-based textbooks, allowing students to explore problem-
solving challenges that are not addressed in other textbooks.

r " SFTFBS probeBE6\ENg approach (Identify, Set Up, Execute,
Evaluate) is used in every Example as well as in the Problem-Solving
Strategies, in the Bridging Problems, and throughout the Instructor’s Solutions
Manual and the Study Guide. This consistent approach teaches students to
tackle problems thoughtfully rather than cutting straight to the math.

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

r 5 Ifigures use a simplified graphical style to focus on the physics of a situa-
tion, and they incorporate more explanatory annotations than in the previous
edition. Both techniques have been demonstrated to have a strong positive
effect on learning.

r .BOZ GIJHVSFT UIBU JMMVTUSBUF &YBNQMF TPMVUJPC
pencil sketches, which directly represent what a student should draw in solving
such problems themselves.

r 51F QPCawmtieBaragraphs focus on typical misconceptions and student
problem areas.

r &OE PG TestDdaudBrderstanding questions let students check their
grasp of the material and use a multiple-choice or ranking-task format to
probe for common misconceptions.

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

r Approximately 70 PhET simulations are linked to the Pearson eText and
provided in the Study Area of the MasteringPhysics website (with icons in the
printed book). These powerful simulations allow students to interact produc-
tively with the physics concepts they are learning. PhET clicker questions are
also included on the Instructor’s Resource DVD.

INSTRUCTOR’S SUPPLEMENTS

Note: For convenience, all of the following instructor's supplements (except
for the Instructor's Resource DVD) can be downloaded from the Instructor
Resources Area accessed via MasteringPhysics (www.masteringphysics.com).

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

The cross-platform Instructor's Resource DVD (978-0-13-398364-7) provides

a comprehensive library of approximately 350 applets from ActivPhysics OnLine
as well as all art and photos from the textbook in JPEG and PowerPoint formats.
In addition, all of the key equations, problem-solving strategies, tables, and chap-
ter summaries are provided in JPEGs and editable Word format, and all of the
new Data Speaks boxes are offered in JPEGs. In-class weekly multiple-choice
guestions for use with various Classroom Response Systems (CRS) are also
provided, based on the Test Your Understanding questions and chapter-opening
questions in the text. Written by Roger Freedman, many new CRS questions that
increase in difficulty level have been added. Lecture outlines and PhET clicker
guestions, both in PowerPoint format, are also included along with about 70 PhET
simulations and the Video Tutor Demonstrations (interactive video demonstra-
tions) that are linked to QR codes throughout the textbook.

MasteringPhysic€ (www.masteringphysics.com) from Pearson is the leading
online teaching and learning system designed to improve results by engaging
students before, during, and after class with powerful content. Ensure that stu-
dents arrive ready to learn by assigning educationally effective content before
class, and encourage critical thinking and retention with in-class resources such
as Learning Catalytics. Students can further master concepts after class through
traditional homework assignments that provide hints and answer-specific feed-
back. The Mastering gradebook records scores for all automatically graded as-
signments, while diagnostic tools give instructors access to rich data to assess
student understanding and misconceptions.

Mastering brings learning full circle by continuously adapting to each student

and making learning more personal than ever—before, during, and after class.

r NEW! The Mastering Instructor Resources Area contains all of the con-
tents of the Instructor's Resource DVD—Ilecture outlines; Classroom Response
System questions; images, tables, key equations, problem-solving strategies,
Data Speaks boxes, and chapter summaries from the textbook; access to the
Instructor's Solutions Manual, Test Bank, ActivPhysics Online—and much
more.

r NEW! Pre-lecture Videos are assignable interactive videos that introduce
students to key topics before they come to class. Each one includes assessment
that feeds to the gradebook and alerts the instructor to potential trouble spots
for students.

r Pre-lecture Concept Questions check students’ familiarity with key concepts,
prompting students to do their assigned reading before they come to class.
These quizzes keep students on track, keep them more engaged in lecture, and
help you spot the concepts that students find the most difficult.

r NEW! Learning Catalytics is a “bring your own device” student engagement,
assessment, and classroom intelligence system that allows you to assess stu-
dents in real time, understand immediately where they are and adjust your
lecture accordingly, improve their critical-thinking skills, access rich analytics
to understand student performance, add your own questions to fit your course
exactly, and manage student interactions with intelligent grouping and timing.
Learning Catalytics can be used both during and after class.

r NEW! Adaptive Follow-Ups allow Mastering to adapt continuously to each
student, making learning more personal than ever. These assignments pair
Mastering’s powerful content with Knewton’s adaptive learning engine to
provide personalized help to students before misconceptions take hold. They
are based on each student’s performance on homework assignments and on all
work in the course to date, including core prerequisite topics.

Xiii
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r Video Tutor Demonstrations, linked to QR codes in the textbook, feature
“Pause and predict” videos of key physics concepts that ask students to submit
a prediction before they see the outcome. These interactive videos are avail-
able in the Study Area of Mastering and in the Pearson eText.

r Video Tutor Solutions are linked to QR codes in the textbook. In these videos,
which are available in the Study Area of Mastering and in the Pearson eText,
an instructor explains and solves each worked example and Bridging Problem.

r NEW! An Alternative Problem Set in the Item Library of Mastering includes
hundreds of new end-of-chapter questions and problems to offer instructors a
wealth of options.

r NEW! Physics/Biology Tutorials for MasteringPhysics are assignable,
multipart tutorials that emphasize biological processes and structures but also
teach the physics principles that underlie them. They contain assessment ques-
tions that are based on the core competencies outlined in the 2015 MCAT.

r PhET Simulations (from the PhET project at the University of Colorado) are
interactive, research-based simulations of physical phenomena. These tutorials,
correlated to specific topics in the textbook, are available in the Pearson eText
and in the Study Area within www.masteringphysics.com.

r ActivPhysics OnLine™ (which is accessed through the Study Area and
Instructor Resources within www.masteringphysics.com) provides a compre-
hensive library of approximately 350 tried and tested ActivPhysics applets
updated for web delivery.

r .BTUF panwe@dful gradebook records all scores for automatically graded
assignments. Struggling students and challenging assignments are highlighted
in red, giving you an at-a-glance view of potential hurdles in the course. With
a single click, charts summarize the most difficult problems, identify vulnerable
students, and show the grade distribution, allowing for just-in-time teaching to
address student misconceptions.

r Learning Management System (LMS) Integration gives seamless access
to modified Mastering. Having all of your course materials and communi-
cations in one place makes life less complicated for you and your students.
We've made it easier to link from within your LMS to modified Mastering
and provide solutions, regardless of your LMS platform. With seamless, single
sign-on your students will gain access to the personalized learning resources
that make studying more efficient and more effective. You can access modified
Mastering assignments, rosters, and resources and synchronize grades from
modified Mastering with LMS.

r 5 ITFest Bank contains more than 2000 high-quality problems, with a range
of multiple-choice, true/false, short-answer, and regular homework-type ques-
tions. Test files are provided both in TestGen (an easy-to-use, fully network-
able program for creating and editing quizzes and exams) and in Word format.
Download only from the MasteringPhysics Instructor Resources Area or
from the Instructor Resources Center (www.pearsonhighered.com/irc).

MasteringPhysics enables instructors to:

r 2vJbLMZ CVJME IPNFXPSL BTTJHONFOUT UIBU DPN(
problems and tutoring (through additional multistep tutorial problems that
offer wrong-answer feedback and simpler problems upon request).

r &YQBOE IPNFXPSL UP JODMVEF UIF XJEFTYU SBOHF P!
ties available—from numerical problems with randomized values, through
algebraic answers, to free-hand drawing.

r $IPPTF GSPN B XJEF SBOHF PG OBUJPOBMMZ QSF
accurate estimates of time to complete and difficulty.

r "GUFS BO BTTJHONFOU JT DPNQMFUFE RVJDLMZ Jl
that were the trickiest for students but also the individual problem types with
which students had trouble.
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r $PNQBSF DMBTT SFTVMUT BHBJOTU UIF TZTUFN T XPSMEXJEF BWFSBHF

lem assigned, to identify issues to be addressed with just-in-time teaching.

r $IFDLX®IFL PG BO JOEJWJEVBM TUVEFOU JO EFUBJM

each problem, what wrong answers were submitted at each step, how much
help was asked fpand how many practice problems were worked.

STUDENT'S SUPPLEMENTS

The Student’s Study Guide by Laird Kramer reinforces the textbook’s emphasis
on problem-solving strategies and student misconceptions. The Study Guide for
Volume 1 (978-0-13-398361-6) covers Chapters 1-20, and the Study Guide for
Volumes 2 and 3 (978-0-13-398360-9) covers Chapters 21-44.

The Student’s Solutions Manual by A. Lewis Ford (Texas A&M University)

and Wayne Anderson contains detailed, step-by-step solutions to more than half
of the odd-numbered end-of-chapter problems from the textbook. All solutions
follow consistently the same Identify/Set Up/Execute/Evaluate problem-solving
framework used in the textbook. The Student’s Solutions Manual for Volume 1
(978-0-13-398171-1) covers Chapters 1-20, and the Student’s Solutions Manual
for Volumes 2 and 3 (978-0-13-396928-3) covers Chapters 21-44.

MasteringPhysic®® (www.masteringphysics.com) is a homework, tutorial, and

assessment system based on years of research into how students work physics

problems and precisely where they need help. Studies show that students who
use MasteringPhysics compared to handwritten homework significantly increase

their scores. MasteringPhysics achieves this improvement by providing students
with instantaneous feedback specific to their wrong answers, simpler sub-problems
upon request when they get stuck, and partial credit for their method(s). This indi-

vidualized, 24/7 Socratic tutoring is recommended by nine out of ten students to

their peers as the most effective and time-efficient way to study.

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

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

TIPERs (Tasks Inspired by Physics Education Research) are workbooks that

give students the practice they need to develop reasoning about physics and that

promote a conceptual understanding of problem solving:

r NEW! TIPERs: Sensemaking Tasks for Introductory Physics (978-0-13-285458-0)
by Curtis Hieggelke, Stephen Kanim, David Maloney, and Thomas O’Kuma

r Newtonian Tasks Inspired by Physics Education Research: nTIPERs (978-0-321-
75375-5) by Curtis Hieggelke, David Maloney, and Stephen Kanim

r E&M TIPERSs: Electricity & Magnetism Tasks (978-0-13-185499-4) by Curtis
Hieggelke, David Maloney, Thomas O’Kuma, and Stephen Kanim

Tutorials in Introductory Physics (978-0-13-097069-5) by Lillian C. McDermott

and Peter S. Schaffer presents a series of physics tutorials designed by a leading
physics education research group. Emphasizing the development of concepts and
scientific reasoning skills, the tutorials focus on the specific conceptual and rea-
soning difficulties that students tend to encounter.

JODMVEJOH UIF UJ
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Tornadoes are spawned by

= Severe thunderstorms, so
being able to predict the path
of thunderstorms is essential.
If a thunderstorm is moving at
15 km/h in a direction 37° north
of east, how far north does the
thunderstorm move in 2.0 h?
(i) 30 km; (i) 24 km; (iii) 18 km;
(iv) 12 km; (v) 9 km.

1 UNITS, PHYSICAL

QUANTITIES,
AND VECTORS

LEARNING GOALS hysics is one of the most fundamental of the sciences. Scientists of all

Looking forward at ...

11
1.2

1.3

1.4

1.5

1.6

17

1.8

1.9

110

disciplines use the ideas of physics, including chemists who study the
What a physical theory is. . structure of molec_ules, pa_lleontologists who try to re(?o.n_struct how
The four steps you can use to solve any dinosaurs walked, and cllmatolpglsts who study how h_uman act|V|t|§s affgct the
physics problem. atmosphere and oceans. Physics is also the foundation of all engineering and
Three fundamental quantities of physics t€chnology. No engineer could design a flat-screen TV, a prosthetic leg, or even a
and the units physicists use to measure ~ better mousetrap without first understanding the basic laws of physics.

them. The study of physics is also an adventure. You will find it challenging,-some
How to work with units in your times frustrating, occasionally painful, and often richly rewarding. If you've ever
calculations. wondered why the sky is blue, how radio waves can travel through empty space,

H()O"‘r’;‘;l'zef;_gigk of significant figures in o Ko g satellite stays in orbit, you can find the answers by using fundamental
u ulatl . . . . . .

y _ physics. You will come to see physics as a towering achievement of the human
How to make rough, order-of-magnitude . .

estimates. intellect in its quest to understand our world and ourselves.

The difference between scalars and In this opening chapter, we'll 'go over some important prellr_nlnarles that we’'ll
vectors, and how to add and subtract ~ N€€d throughout our study. We'll discuss the nature of physical theory and the

vedors graphically. use of idealized models to represent physical systems. We'll introduce the sys-
What the components of a vector are and tems of units used to describe physical quantities and discuss ways to describe
how to use them in calculations. the accuracy of a number. We'll look at examples of problems for which we can't

What unit vectors are and how to use them(or don't want to) find a precise answer, but for which rough estimates can be

with components to describe vectors.  sefy| and interesting. Finally, we'll study several aspects of vectors and vector

nggwiyjug':#g'ﬂg ‘\’lz‘éi‘;’rs(:ctgzss)ca'a’ algebra. We'll need vectors throughout our study of physics to help us describe

prodfct. and analyze physical quantities, such as velocity and force, that have direction as
well as magnitude.



2 CHAPTER 1 Units, Physical Quantities, and Vectors

1.1 Two research laboratories.

(a) According to legend, Galileo investigated
falling objects by dropping them from the
Leaning Tower of Pisa, Italy, ...

1.1 THE NATURE OF PHYSICS

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

The meaning dtheory” A theory is nofust a random thought or an unproven
conept. Rather, a theory is an explanation of natural phenomena based on observation
and accepted fundamental principles. An example is the well-established theory of bio
logical evolution, which is the result of extensive research and observation by generations
of biologists.

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

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

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

No theory is ever regarded as the final or ultimate truth. The possibiity al
ways exists that new observations will require that a theory be revised or dis-

... and he studied pendulum motion carded. It is in the nature of physical theory that we can disprove a theory by
by observing the swinging chandelierfinding behavior that is inconsistent with it, but we can never prove that a theory

in the adjacent cathedral.

(b) The Planck spacecraft is designed to study

the faint electromagnetic radiation left over
from the Big Bang 13.8 billion years ago.

These technicians are re ected in
the spacecraft’s light-gathering
mirror during pre-launch testing.

is always correct.

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

1.2 SOLVING PHYSICS PROBLEMS

At some point in their studies, almost all physics students find themselves
thinking, “I understand the concepts, but | just can't solve the problems.” But in
physics, truly understanding a concept melaging able to apply it to a variety of
problems. Learning how to solve problems is absolutely essential; you don't know
physics unless you can gbysics.

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



1.2 Solving Physics Problems 3

the key ideas from the chapter. Study these strategies and problems carefully, and
work through each example for yourself on a piece of paper.

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

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

PROBLEM-SOLVING STRATEGY 1.1 SOLVING PHYSICS PROBLEMS

IDENTIFYthe relevant conceptsise the physical conditions statedAs best you can, estimate what your results will be and, as ap
in the problem to help you decide which physics concepts are glopriate, predict what the physical behavior of a system will be.
evant. ldentify the target variablesf the problem—that is, the The worked examples in this book include tips on how to make
guantities whose values you're trying to find, such as the speedh&se kinds of estimates and predictions. If this seems challeng
which a projectile hits the ground, the intensity of a sound maitgy, don't worry—you'll get better with practice!

by a siren, or the size of an image made by a lens. Identify the ) o

known quantities, as stated or implied in the problem. This stegi$ECUTEhe solution:This is where you “do the math.” Study the
essential whether the problem asks for an algebraic expressiod/@fked examples to see whats involved in this step.

a numerical answer. . .
EVALUATE your answer:Compare your answer with your esti-

SET UPthe problem:Given the concepts you have identified, thenates, and reconsider things if there’s a discrepancy. If your an-
known quantities, and the target variables, choose the equatiswer includes an algebraic expression, assure yourself that it
that you'll use to solve the problem and decide how you'll usmerrectly represents what would happen if the variables in it had
them. Make sure that the variables you have identified correlaiy large or very small values. For future reference, make note of
exactly with those in the equations. If appropriate, draw a skethy answer that represents a quantity of particular significance.
of the situation described in the problem. (Graph paper, ruler, pfsk yourself how you might answer a more general or more dif
tractor, and compass will help you make clear, useful sketchéilt version of the problem you have just solved.

Idealized Models

In everyday conversation we use the word “model” to mean either a small-scale. = )
replica, such as a model railroad, or a person who displays articles of cIot&ﬁﬂTnoﬂsi'mp“fy the analysis o) a base-
. . . e . . ght, we usdb) an idealized
(or the absence thereof). In physics a madel simplified version of a physical |, el
system that would be too complicated to analyze in full detail.
For example, suppose we want to analyze the motion of a thrown basé"'B _
(Fig. 1.29. How complicated is this problem? The ball is not a perfect sphg?ée all spins and has a complex shape.
(it has raised seams), and it spins as it moves through the air. Air resistanceiaBéstance and
wind influence its motion, the ball's weight varies a little as its altitude changesg exert forces Direction of
and so on. If we try to include all these things, the analysis gets hopelessly €8f° P2/ motion
plicated. Instead, we invent a simplified version of the problem. We ignore the
size and shape of the ball by representing it as a point object, or paWiele.Gravitational force on ball
ignore air resistance by making the ball move in a vacuum, and we makeldpfnds on altitude.
weight constant. Now we have a problem that is simple enough to deal with
(Fig. 1.2b). We will analyze this model in detail in Chapter 3. (b) An idealized model of the baseball
We have to overlook quite a few minor effects to make an idealized mod#gpt the baseball as a point object (particle).
but we must be careful not to neglect too much. If we ignore the effects of grav.=~
ity completely, then our model predicts that when we throw the ball up, it will 'go3'" resistance. Direction of
in a straight line and disappear into space. A useful model simplifies a problemational force motion
enough to make it manageable, yet keeps its essential features. on ball is constant.

aA] real baseball in ight
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The validity of the predictions we make using a model is limited by the va-
lidity of the model. For example, Galileo’s prediction about falling objects (see
Section 1.1) corresponds to an idealized model that does not include the effects
of air resistance. This model works fairly well for a dropped cannonball, but not
so well for a feather.

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

1.3 STANDARDS AND UNITS

As we learned in Section 1.1, physics is an experimental science. Experiments
require measurements, and we generally use numbers to describe the results
of measurements. Any number that is used to describe a physical phenomenon
guantitatively is called a physical quantityzor example, two physical quanti
ties that describe you are your weight and your height. Some physical quantities
are so fundamental that we can define them only by describing how to measure
them. Such a definition is called aperational definition. Two examples are
1.3 The measurements used to determingneasuring a distance by using a ruler and measuring a time interval by using
I(a) the duration of a second aft the a stopwatch. In other cases we define a physical quantity by describing how to
ength of a meter. These measurements . o . .
are useful for setting standards because Calculate it from other quantities that we gagasure. Thus we might define the
they give the same results no matter whergverage speed of a moving object as the distance traveled (measured with a ruler)
they are made. divided by the time of travel (measured with a stopwatch).

When we measure a quantity, we always compare it with some reference stan
dard. When we say that a Ferrari 458 Italia is 4.53 meters long, we mean that it
is 4.53 times as long as a meter stick, which we define to be 1 meter long. Such
a standard defines a urof the quantity. The meter is a unit of distance, and the
second is a unit of time. When we use a nhumber to describe a physical quantity,
we must always specify the unit that we are using; to describe a distance as sim
Outermost |y «4 53" wouldn't mean anything.

electron . .

To make accurate, reliable measurements, we need units of measurement

that do not change and that can be duplicated by observers in various locations.
The system of units used by scientists and engineers around the world-is com
monly called “the metric system,” but since 1960 it has been known officially as
the International System, or Sl (the abbreviation for its French name, Systeme

... causes the outermost electron of a Internationa). Appendix A gives a list of all Sl units as well as definitions of the

cesium-133 atom to reverse its spin direction. most fundamental units.

(a) Measuring the second

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

Cesium-133
atom

Time
Cesium-133 From 1889 until 1967, the unit of time was defined as a certain fraction of the
atom mean solar day, the average time between successive arrivals of the sun at its

highest point in the sky. The present standard, adopted in 1967, is much more
precise. It is based on an atomic clock, which uses the energy difference between
A . . the two lowest energy states of the cesium atticg). When bombarded by
n atomic clock uses this phenomenon to tune =, . . ..
microwaves to this exact frequency. It then ~ Microwaves of precisely the proper frequency, cesium atoms undergo a transition
counts 1 second for each 9,192,631,770 cyclesfrom one of these states to the other. ©@@nd(abbreviated s) is defined as the
time required for 9,192,631,770 cycles of this microwave radiafian {.33.

(b) Measuring the meter Length

0:00 s 0:01s |n 1960 an atomic standard for the meter was also established, using the
wavelength of the orange-red light emitted by excited atoms of krypton
Light 18%r2. From this length standard, the speed of light in vacuum was measured to
source Light travels exactly be 299,792,4581>s. In November 1983, the length standard was changed again
299,792,458 min 1s. so that the speed of light in vacuum was defiodoke precisely 299,792,458s.
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Hence the new definition of the meté&bbreviated m) is the distance that light

travels in vacuum il>299,792,45 second (Fig. 1.3b). This modern deﬁnitionl_4 The international standard kilogram
provides a much more precise standard of length than the one based oR a W&Y€ metal object carefully enclosed
length of light. within these nested glass containers.

Mass

The standard of mass, the kilografabbreviated kg), is defined to be the mass of
a particular cylinder of platinum—iridium alloy kept at the International Bureau
of Weights and Measures at Sévres, near PR&iis (.4. An atomic standard
of mass would be more fundamental, but at present we cannot measure masses
on an atomic scale with as much accuracy as on a macroscopic scale. The gram
(which is not a fundamental unit) is 0.001 kilogram.

Otherderived units can be formed from the fundamental units. For example,
the units of speed are meters per secondysrthese are the units of length (m)
divided by the units of time (s).

Unit Prefixes

Once we have defined the fundamental units, it is easy to introduce larger and
smaller units for the same physical quantities. In the metric system these other
units are related to the fundamental units (or, in the case of mass, to the gram) by
multiples of 10 or; Thus one kilometet1 kn? is 1000 meters, and one centi
meterl1 cn? is ,5, meter. We usually express multiples of 1Ggn exponential
notation:1000 = 10° ;45, = 10 3, and so on. With this notatiofh,km = 10° m
andlcm= 10 °m.

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

1 kilometer= 1 km = 10° meters= 10° m
1kg = 10°grams = 10%g
1kW = 10°watts = 163 W

1 kilogram

1 kilowatt

A table in Appendix A lists the standard Sl units, with their meanings and
abbreviations.

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

TABLE 1.1 Some Units of Length, Mass, and Time

Length Mass Time
1 nanometer= 1 nm = 10 °m 1 microgram = 1mg = 10 %g = 10 °kg 1 nanosecond= 1ns = 10°%s
(a few times the size of the largest atom) (mass of a very small dust particle) (time for light to travel 0.3 m)
1 micrometer= 1mm = 10 %m 1 milligram = 1mg = 103g = 10 kg 1 microseconc= 1ns = 10%s
(size of some bacteria and other cells) (mass of a grain of salt) (time for space station to move 8 mm)
1 millimeter = 1mm= 103m 1 gram =1g =10°%kg 1 millisecond = 1 ms= 10 3s
(diameter of the point of a ballpoint pen) (mass of a paper clip) (time for a car moving at freeway speed

) 2 to travel 3 cm)
1 centimeter=1cm = 10“m

(diameter of your little finger)

1 kilometer = 1km = 10°m
(distance in a 10-minute walk)
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1.5 Some typical lengths in the universe.

Note:(f) is a scanning tunneling
microscope image of atoms on a
crystal surface(g) is an artist’'s

impression.
(a) 10°6m
Limit of the (b) 10" m
observable Distance to (c)10m
universe the sun Diameter of (d1m
the earth Human (€) 10 °m
dimensions Diameter of a (f) 1010 m
red blood cell Radius of an (g) 10" ¥ m
atom Radius of an

atomic nucleus

1.6 Many everyday items make use of  The British System
both Sl and British units. An example is . . . . . .
this speedometer from a U.S.-built auto- Finally, we mention the British system of units. These units are used in only the

mobile, which shows the speed in both  United States and a few other countries, and in most of these they are being replaced

kilometers per hour (inner scale) and milesy S| units. British units are now officially defined in terms of Sl units, as follows:
per hour (outer scale).

Length: 1 inch = 2.54 cm (exactly)
Force: 1 pound= 4.448221615260 newtons (exac

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

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

1.4 USING AND CONVERTING UNITS

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

An equation must always be dimensionally consistent. You can't add apples
and automobiles; two terms may be added or equated only if they have the same
units. For example, if a body moving with constant spetdvels a distance d in

Always use units in calcula- a time t these quantities are related by the equation
tions Make it a habit toalways write
numbers with the correct units and carry
the units through the calculation as in th§f ( js measured in meters, then the produchust also be expressed in meters.

example above. This provides a very Usqging the above numbers as an example, we may write
ful check. If at some stage in a calculation

you find that an equation or an expression
has inconsistent units, you know you have
made an error. In this book we will always
carry units through all calculations, andBecause the unit s in the denominatome§ cancels, the product has units of

we strongly urge you to follow this practicemeters, as it must. In calculations, units are treated just like algebraic symbols
when you solve problems. with respect to multiplication and division.

d=wvt

10m= a2 rzb(s s)
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PROBLEM-SOLVING STRATEGY 1.2 SOLVING PHYSICS PROBLEMS

IDENTIFYthe relevant concept$n most cases, it's best to use thdactors (which we calunit multiplier9 without changing that
fundamental Sl units (lengths in meters, masses in kilograms, ajuentity’s physical meaning. For example, to find the number of
times in seconds) in every problem. If you need the answer togegonds in 3 min, we write
in a different set of units (such as kilometers, grams, or hours),

i i i . . 60 s
wait until the end of the problem to make the conversion. 3min= (3 mln)al minb - 180's

SET UPthe problemand EXECUTEthe solution:Units are multi

plied and divided just like ordinary algebraic symbols. This gives/ALUATEyour answerif you do your unit conversions correctly,

us an easy way to convert a quantity from one set of units-to anwanted units will cancel, as in the example above. If, instead,

other: Express the same physical quantity in two different unjtsu had multiplied 3 min by1 min)¥60 s) your result would

and form an equality. have been the nonsensiggimin®s. To be sure you convert units
For example, when we say thhtmin = 60 s we don't mean properly, include the units at adtages of the calculation.

that the number 1 is equal to the number 60; rather, we mean thaFinally, check whether your answer is reasonable. For €xam

1 min represents the same physical time interval as 60 s. For pies the resulB min = 180 ¢ is reasonable because the second is

reason, the ratigl minX60 s’ equals 1, as does its reciprocala smaller unit than the minute, so there are more seconds than

(60 sH1 min). We may multiply a quantity by either of theseminutes in the same time interval.

CONVERTING SPEED UNITS

NOILNT0S

The world land speed record of 763.0:mias set on October 15, i 1609k 1000 1h
1997, by Andy Green in the jet-engine Gamrust SSCExpress  763.0 mih = a763.0 " 'ba _ " a " a b
this speed in meters per second. h Imi 1km =~ 3600s

341.0 n¥s

SOLUTION

IDENTIFY, SET UP and EXECUTE:We need to convert the units
of a speed from rdh to m>s. We must therefore find unit multi

pliers that relate (i) miles to meters and (i) hours to seconds.n(_r)}mal freeway speed is ab@@ nps = 67 mbh = 108 knh, and

Appendix E we find the equalitied mi = 1.609 km 1 km= tvpical walki . u — 31 mbh = Kireh
1000 m and1 h = 3600 s We set up the conversion as foIIows‘,Fjl ypical walking speed is abdli# s = 3.1 m 5.0 '

which ensures that all the desired cancellations by division take place:

EVALUATE: This example shows a useful rule of thumb: A speed
expressed in ks is a bit less than half the value expressedsih,rand
a]bit less than one-third the value expressed ifhkFor example, a

CONVERTING VOLUME UNITS

NOILNT0S

One of the world's largest cut diamonds is the First Star of Afridggppendix E also gives usm = 100 cm so

(mounted in the British Royal Sceptre and kept in the Tower of .

_ 1 A _ o : 1m
Lon_don) I_ts volume is 18_34 cubic inches. What is its volume in 30.2 cm = 1302 cn2a b
cubic centimeters? In cubic meters? 100 cm
1 3cm®md
=130.2a__ b =302* 10%m®
SOLUTION 100 e
IDENTIFY, SET UP,and EXECUTEHere we are to convert the units ~302*% 1051

of a volume from cubic inchelin.®2 to both cubic centimeters
1em?®2 and cubic metersm®2. Appendix E gives us the equality
1in. = 2.540 crr from which we obtairl in3 = (2.54 cm§. We
then have

EVALUATE:Following the pattern of these conversions, can you
show thatl in® 16 cn? and thatl ® 60,000 in3?

54 cm 3
lin.
in.3 cn?

in.3

2.
1.84in% = 11.84in%2a

11.80212.540° = 30.2cmd
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1.7 This spectacular mishap was the
result of a very small percent error—

traveling a few meters too far at the end of,vI

a journey of hundreds of thousands of

meters.

TABLE 1.2 Using Significant Figures

Multiplication or division:

Result can have no more signi cant gures

than the factor with the fewest signi cant gures

0.745* 2.2 0.42
3885

1.32578* 10’ * 4.11* 10 % = 5.45* 10*

Addition or subtraction:

Number of signi cant gures is determined by
the term with the largest uncertainty (i.e., fewe

digits to the right of the decimal point):

27.153+ 138.2- 11.74= 153.6

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

424 mm

The measured values have only three signi can

135 mm

gures, so their calculated ratio (p) also has

only three signi cant gures.

1.5 UNCERTAINTY AND SIGNIFICANT FIGURES

easurements always have uncertainties. If you measure the thickness of the cover
of a hardbound version of this book using an ordinary ruler, your measurement is
reliable to only the nearest millimeter, and your result will be 3 mm. It would be
wrongto state this result as 3.00 mm; given the limitations of the measuring device,
you can't tell whether the actual thickness is 3.00 mm, 2.85 mm, or 3.11 mm. But
if you use a micrometer caliper, a device that measures distances reliably to the
nearest 0.01 mm, the result will be 2.91 mm. The distinction between the measure
ments with a ruler and with a caliper is in their uncertajntige measurement

with a caliper has a smaller uncertainty. The uncertainty is also calledrtine
because it indicates the maximum difference there is likely to be between the mea-
sured value and the true value. The uncertainty or error of a measured value de
pends on the measurement technique used.

We often indicate the accuraayf a measured value—that is, how close it is
likely to be to the true value—by writing the number, the synfbpbnd a sec-
ond number indicating the uncertainty of the measurement. If the diameter of a
steel rod is given &6.47 { 0.02 mm this means that the true value is likely to
be within the range from 56.45 mm to 56.49 mm. In a commonly used shorthand
notation, the numbet.6454.212 meansl.6454{ 0.0021 The numbers in pa-
rentheses show the uncertainty in the final digits of the main number.

We can also express accuracy in terms of the maximum Ifkatyional
error or percent error (also called fractional uncertaintgnd percent uncer
tainty). A resistor labeled 47 ohms{ 10%< probably has a true resistance
that differs from 47 ohms by no more than 10% of 47 ohms—that is, by about
5 ohms. The resistance is probably between 42 and 52 ohms. For the diameter
of the steel rod given above, the fractional erratQ02 mn2>156.47 mrd, or
about 0.0004; the percent errorli3.0002110092, or about 0.04%. Even small
percent errors can be very significahiy. 1.7).

In many cases the uncertainty of a number is not stated explicitly. Instead, the un
certainty is indicated by the number of meaningful digits, or significant figures,
the measured value. We gave the thickness of the cover of the book as 2.91 mm, which
has three significant figures. By this we mean that the first two digits are known to
be correct, while the third digit is uncertain. The last digit is in the hundredths place,
so the uncertainty is about 0.01 mm. Two values with the samber of significant
Jfigures may have differentncertainties; a distance given as 137 km also has three
significant figures, but the uncertainty is about 1 km. A distance given as 0.25 km
has two significant figures (the zero to the left of the decimal point doesnt count); if
given as 0.250 km, it has three significant figures.

When you use numbers that have uncertainties to compute other numbers, the
computed numbers are also uncertain. When numbers are multiplied or divided,
the result can have no more significant figures than the factor with the fewest sig
nificant figures has. For exampl&,1416* 2.34* 0.58 = 4.3, When we add
and subtract numbers, it's the location of the decimal point that matters, not the
number of significant figures. For exampl23.62+ 8.9 = 132.5 Although
123.62 has an uncertainty of about 0.01, 8.9 has an uncertainty of about 0.1. So
their sum has an uncertainty of about 0.1 and should be written as 132.5, not
132.52. Table 1.Zummarizes these rules for significant figures.

To apply these ideas, suppose you want to verify the valpe thfe ratio of
the circumference of a circle to its diameter. The true value of this ratio to ten
digits is 3.141592654. To test this, you draw a large circle and measure its cir
cumference and diameter to the nearest millimeter, obtaining the values 424 mm
and 135 mmKig. 1.8. You punch these into your calculator and obtain the quo
tient 1424 mn2>1135 mn2 = 3.14074074. This may seem to disagree with the
true value ofy, but keep in mind that each of your measurements has three sig
nificant figures, so your measured valuewofcan have only three significant
?igures. It should be stated simply as 3.14. Within the limit of three significant
figures, your value does agree with the true value.
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In the examples and problems in this book we usually give numerical val
ues with three significant figures, so your answers should usually have no more
than three significant figures. (Many numbers in the real world have even less
accuracy. An automobile speedometer, for example, usually gives only two sig
nificant figures.) Even if you do the arithmetic with a calculator that displays ten
digits, a ten-digit answer would misrepresent the accuracy of the results. Always
round your final answer to keep only the correct number of significant figures or,
in doubtful cases, one more at most. In Example 1.1 it would have been wrong to
state the answer &11.01861 rrs. Note that when you reduce such an answer
to the appropriate number of significant figures, you must ronnt{runcate.

Your calculator will tell you that the ratio of 525 m to 311 m is 1.688102894; to
three significant figures, this is 1.69, not 1.68.

When we work with very large or very small numbers, we can show signifi
cant figures much more easily by usisgientific notation, sometimes called
powers-of-10 notation. The distance from the earth to the moon is about
384,000,000 m, but writing the number in this form doesn't indicate the number
of significant figures. Instead, we move the decimal point eight places to the left
(corresponding to dividing by $pand multiply by10?; that is,

384,000,000 m= 3.84* 1fm

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

When an integer or a fraction occurs in an algebraic equation, we treat
that number as having no uncertainty at all. For example, in the equation
v,2 = vl + 2adx - X2, which is Eq. (2.13) in Chapter 2, the coefficient 2 is
exactly2. We can consider this coefficient as having an infinite number of signifi
cant figureg2.00000@¢ ). The same is true of the exponent & fhandv, >

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

SIGNIFICANT FIGURES IN MULTIPLICATION

NOILNT0S

The rest energy E of an object with rest mass m is given by Alb8imce the value of m was given to only three significant figures,
Einstein's famous equatio = mc?, where c is the speed of lightwe must round this to
in vacuum. Find E for an electron for which (to three significant
figures)m = 9.11* 10 31 kg. The Sl unit for E is the joule (J); E=819* 10 Ykgfn®s? = 8.19* 10 24)
1J= 1kgfm>s2.
EVALUATE:While the rest energy contained in an electron may seem
SOLUTION ridiculously small, on the atomic scale it is tremendous. Compare

IDENTIFY and SET UP:OUr target variable is the energy\lle are Ul answer ta0 193, the energy gained or lost by a single atom

given the value of the mass from Section 1.3 (or Appendix F) theduring a typical chemical reaction. The rest energy of an electron is
speed of light is = 2.99792458¢ 1Cf m>s about 1,000,000 times larger! (We'll discuss the significance of rest

energy in Chapter 37.)
EXECUTE:Substituting the values of and cinto Einstein's equa
tion, we find
E = 19.11* 10 31 kg212.99792458¢ 10° m>s2?
19.11212.997924582110 31211(F22 kg Fin?>s?
181.87659678110% 31+12* 824 g Fin?>s?

8.187659678 10 4 kgHn?>s
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PhET:Estimation

AN ORDER-OF-MAGNITUDE ESTIMATE

TEST YOUR UNDERSTANDING OF SECTION 1.5 The density of a material

is equal to its mass divided by its volume. What is the densitkg>m>2 of a rock of
mass 1.80 kg and volunge0 * 104 m®? (i) 3 * 10° kgom®; (i) 3.0 * 10° kg>m?;

(iii) 3.00* 10° kgem?; (iv) 3.000* 10° kg>m®; (v) any of these—all of these answers
are mathematically equivalent.

1.6 ESTIMATES AND ORDERS OF MAGNITUDE

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

Exercises 1.17 through 1.23 at the end of this chapter are of the estimating, or
order-of-magnitude, variety. Most require guesswork for the needed input data.
Don't try to look up a lot of data; make the best guesses you can. Even when they
are off by a factor of ten, the results can be useful and interesting.

NOILNT0S

You are writing an adventure novel in which the hero escapes wth 107 120 million2 grams or2 * 10* 120,00@® kilograms. A
a billion dollars’ worth of gold in his suitcase. Could anyone cartiiousand kilograms has a weight in British units of about a ton,

that much gold? Would it fit in a suitcase?

SOLUTION

IDENTIFY, SET UP, and EXECUTEGoId sells for about $1400 an
ounce, or about $100 qur4 ounce. (The price per ounce has

so the suitcase weighs roughly 20 tons! No human could lift it.
Roughly what is the volume of this gold? The density of water is

10% kgsm?®; if gold, which is much denser than water, has a density

10 times greater, then 4@g of gold fit into a volume of 1 fn So

10° dollars’ worth of gold has a volume of 22mmany times the

volume of a suitcase.

varied between $200 and $1900 over the past twenty years or

s0.) An ounce is about 30 grams, so $100 worth of gold hag\&LUATE Clearly your novel needs rewriting. Try the caleula
mass of about, of 30 grams, or roughly 2 grams. A billiontion again with a suitcase full of five-carat (1-gram) diamonds, each
110°2 dollars’ worth of gold has a mass’Htmes greater, about worth $500,000. Would this work?

Application ~ Scalar Temperature,
Vector Wind The comfort level on a win-
try day depends on the temperature, a scalar
quantity that can be positive or negative (say,
+5 Cor- 20 C) but has no direction. It also
depends on the wind velocity, a vector quan-
tity with both magnitude and direction (for
example,15 kneh from the west).

TEST YOUR UNDERSTANDING OF SECTION 1.6 Can you estimate the total
number of teeth in the mouths of all the students on your camigirg? Hlow many
teeth are in your mouth? Count them!)

1.7 VECTORS AND VECTOR ADDITION

Some physical quantities, such as time, temperature, mass, and density, can be
described completely by a single number with a unit. But many other important
quantities in physics have direction associated with them and cannot be de
scribed by a single number. A simple example is the motion of an airplane: We
must say not only how fast the plane is moving but also in what direction. The
speed of the airplane combined with its direction of motion constitute a quantity
calledvelocity. Another example is forcayhich in physics means a push or pull
exerted on a body. Giving a complete description of a force means describing
both how hard the force pushes or pulls on the body and the direction of the push
or pull.
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When a physical quantity is described by a single number, we call it a
scalar quantity. In contrast, a vector quantityhas both amagnitude (the
“how much” or “how big” part) and a direction in space. Calculations that com
bine scalar quantities use the operations of ordinary arithmetic. For example,
6kg+ 3kg=9kg or4 * 2s= 8s However, combining vectors requires a
different set of operations.

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

We usually represent a vector quantity such as displacement by a single letteDisplacement as a vector quantity.
such asA in Fig. 1.9a. In this book we always print vector symbols in boldfa%% We represent a displacement by an arrow
italic type with an arrow above them. We do this to remind you that vectorquaints in the direction of displacement.
tities have different properties from scalar quantities; the arrow is a reminder that ending position: B
vectors have direction. When you handwrite a symbol for a vector, alwrtgs
it with an arrow on top. If you don't distinguish between scalar and vector guanti Displacement A
ties in your notation, you probably won't make the distinction in your thinkingaing position: p
either, and confusion will result.

We always drawa vector as a line with an arrowhead at its tip. The length of ~ Handwritten notation:
the line shows the vector's magnitude, and the direction of the arrowhead shows
the vector's direction. Displacement is always a straight-line segment dire@eg displacement is always a straight arrow
from the starting point to the ending point, even though the object’s actual d'ggﬁecj from the starting position to the ending

tion. It does not depend on the path taken,
may be curved (Fig. 1.9b). Note that displacement is not related directly toet,@ﬁ:lf the path is curved.
total distancetraveled. If the object were to continue pBstind then return to P,
P, the displacement for the entire trip would be 4&ig. 1.9¢). i

If two vectors have the same direction, theyarllel. If they have the same
magnitudeandthe same direction, they are equal matter where they are located
in space. The vectok from pointP; to pointP, in Fig. 1.10has the same length
and direction as the vectdr from P, to P,. These two displacements are equa&) Total displacement for a round trip is O,
even though they start at different points. We write thidas A in Fig. 1.10; regardiess of the path taken or distance traveled.
the boldface equals sign emphasizes that equality of two vector quantities is not
the same relationship as equality of two scalar quantities. Two vector quantities are
equal only when they have the same magnitudetizgdame direction.

Vector B in Fig. 1.10, however, is not equal fo because its direction is
oppositethat of A. We define the negative of a vector as a vector having the
same magnitude as the original vector but the oppdsiéetion. The negative
of vector quantltyA is denoted as A and we_use a boldface minus sign to
emphasize the vector nature of the quantltlesA I 87 m south, then Ais
87 m north Thus we can write the relatlonsh|p betw&emdB in Fig. 1.10 as
A BorB A. When two vectorsA and B have opposite directions,
whether their magnitudes are the same or not, we say that they are antiparallel.

We usually represent the magnitudiea vector quantity by the same letter
used for the vector, but in lightface italic type witharoow on top. For example, 1.10 The meaning of vectors that have the
if displacement vectoA is 87 m south, theA = 87 . An alternative notation Same magnitude and the same or opposite
is the vector symbol with vertical bars on both sides: direction.

Path taken
1

. N P, P, Ps
IMagnitude of 2 = A = (Al (1.1)
S S S S
The magnitude of a vector quantity is a scalar quantity (a number) alvehigs A AA B A
positive. Note that a vector can never be equal to a scalar because theypare P,
different kinds of quantities. The expressmA = 6 nx is just as wrong as . .
; 2 oranges= 3 apples! Displacements A and A Displacement B has

When we draw diagrams with vectors, it's best to use a scale similar to tfigggua' because they - the same magnitude
have the same length  as A but opp05|te

used for maps. For example, a displacement of 5 km might be represented in,adiirection. direction; B is the
agram by a vector 1 cm long, and a displacement of 10 km by a vector 2 cm long. negative of A.
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1.11 Three ways to add two vectors. Vector Addition and Subtraction
(2) We can add two vectors by placing them  Suppose a particle undergoes a displacerAefallowed by a second displace

head totall. mentB. The final result is the same as if the particle had started at the same
The vectorsumC .. to the pead initial point and undergone a single displacem@r(Fig. 1.113. We call dis-
extends fror@ the of vector B.

tail of vectorA s placementC the vector sum, or resultantof displacement# andB. We ex
press this relationship symbolically as

A S, S S

A g A C A B 1.2)

The boldface plus sign emphasizes that adding two vector quantities requires a
(b) Adding them in reverse order gives the sam&eometrical process and is not the same operation as adding two scalar quanti

result; A_ B B .A_ The order doesn't ties such a8 + 3 = 5. In vector addition we usually place the taflthe second
matter in vector addition. vector at the headbr tip, of the firstvector (Fig. 1.11a).
& & A . If we make the displacemengs andB in reverse order, wit# first and A
A second, the result is the same (Fig. 1.11b). Thus
5 C B AandA B B A (1.3)

() We can also add two vectors by placing them This shows that the order of terms in a vector sum doesn't matter. In other words,
tail to tail and constructing a parallelogram. vector addition obeys the commutatiae.

Figure 1.11c shows another way to represent the vector sum: If we draw vec-
. tors A andB with their tails at the same point, vectis the diagonal of a paral

S
A s s
cC AB lelogram constructed with andB as two adjacent sides.

WMo

Magnitudes in vector additiolt's a common error to conclude thaGif A Ii’;,
then magnitudeC equals magnitude A plus magnitudelBgeneral, thIS conclusmn is
112 Adding vectors that arg) parallel wrong; for the vectors shown in Fig. 1.12,6 A + B. The magnltude oh B depends

and(b) antiparallel. on the magnitudes 04\ andB and on the angle betweeh andB Only in the special
. . case in whichA andB are parallelis the magnitude & A B equal to the sum of
(@) Only when vectoré& and B are parallel the magnitudes oA andB (Fig. 1.123. When the vectors awntiparallel (Fig. 1.12b),

does the magnitude of their vector sum C equalthe magnitude of equals the differencef the magnitudes of andB. Be careful to
the sum of their magnitudes: € A + B. distinguish between scalar and vector quantities, and you'll avoid making errors about the

S S

A B magnitude of a vector sum.
& A B Figure 1.13a shows threeectorsA B andC. To find the vector sum of all
three, |n Fig. L 13b we first addl and B to give a vector surﬁ) we then add
(b) When and B are antiparallel, the vectorsC andD by the same process to obtain the vector Bum
magnitude of their vector sum C equals the
difference of their magnitudes: € & - B0 R lA BZ C D C
A AIternatlver, we can flrst ad8 andC to obtain vectoE (Fig. 1.13c¢), and then

addA andE to obtainR:
R A 1B C2 A E
We dont even need to draw vectd?DsandIbE all we need to do is dra\zx é

andC in successmn with the tail of each at the head of the one preceding it. The
sum vectoR extends from the tail of the first vector to the head of the last vector

Qe
b=
[vy]

(os[7)

1.13 Several constructions for finding the vector shm B C.

(@) To nd the sum of (b) ... addA and B (c) ... graddB and C (d) ... or addA, B, and () ... or add’A,’B, and
these three vectors ... to get D and then add to get Eand tshen add C to get R directly ... Cin any other order and
CtoDto get the nal AtoEtogetR .. still getR.
sum (resultant) R.
S S S s
C R R R .
R
S S
s s A 5 é i E S SA S S s
A B c c B A

W

W

W
0o
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1.14 To construct the vector differende I§, you can either place the tail of B at the head oA or place
the two vectorsA andB head to head.

SubtractingSB from A ... ... Is equivalent to addin@sto A A 1B5 2 A BS
A B A B ; 5
R L
A A B A

\S/Vith j—\ and Bshead to tail, \S/Vith ;A and SB head to head,
A B i§<, the vector from Sthe A B iss the vector frgm the
tail of A to the head oB. tail of A to the tail of B.

(Fig. 1.13d). The order makes no difference; Fig. 1.13e shows a different order,

and you should try others. Vector addition obeys the assoclative
We can subtractectors as well as add them. To see how, recall that veGhET:Vector Addition
A has the same magmtude/&sbut the opposite direction. We define the dif

ferenceA B of two vectorsA andB to be the vector sum & and  B:

>

A B A 1 B2 (1.4)
) ) 1.15 Multiplying a vector by a scalar.
Figure 1.14shows an example of vector subtraction. o o
A tor quantity such as a displacement can be multiplied by a scalar 2 jultiplying a vector by a positive scalar
vec q Yy p p y q ges the magnitude (length) of the vector
tity (an ordinary number). The dlsplacemént is a displacement (vector quan but not its direction.
tity) in the same direction as vectdr but twice as long; this is the same as  j
addlngA to itself @g 1.153. In general, when we multiply a vectdr by a .
scalarc, the resulcA has magnitudés G\ (the absolute value of ¢ multlplled by 2A
the magmtude of vectdk) If cis posmvecA is in the same d|rect|on &5 if c
is negatlvepA isin the direction opposite th. Thus3A is parallel toA, while
-3Ais antiparallel toA (Fig. 1.15h).
A scalar used to multiply a vector can aIso be a physical quantlty For ex

ZA is twice as long ass A.

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

ple, you may be familiar with the reIatlonsh'-Fp m&; the net forcer (a vector s
guantity) that acts on a body is equal to the product of the bodys mass m (a scalar
guantity) and its accelerati@n(a vector quantity). The direction Bfis the same  _ 3}

as that ofa because m is positive, and the magmtudé of equal to the mass m
multiplied by the magnitude & The unit of force is the unit of mass multiplied- 3A s three times as long as A and points
by the unit of acceleration. in the opposite direction.

ADDING TWO VECTORS AT RIGHT ANGLES

NOILNT0S

A cross-country skier skis 1.00 km north and then 2.00 km eastiors  The vector diagram, drawn to scale, for a ski trip.
a horizontal snowfield. How far and in what direction is she from
the starting point? N

SOLUTION S

IDENTIFY and SET UP:The problem involves combining two

displacements at right angles to each other. This vector ad

dition amounts to solving a right triangle, so we can use the 1.00 km
Pythagorean theorem and simple trigonometry. The target vari Resultant displacement
ables are the skier’s straight-line distance and direction from
her starting point. Figure 1.1 a scale diagram of the two
displacements and the resultant net displacement. We denote
the direction from the starting point by the anfjléthe Greek
letter phi). The displacement appears to be a bit more than
2 km. Measuring the angle with a protractor indicates thest
about 63°. Continued

0 1 km 2 km
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EXECUTEThe distance from the starting point to the ending pointWe can describe the direction as 63.4° east of north or

equal to the length of the hypotenuse:

90 - 63.4 = 26.6 north of east.

2 11.00 kn2 + 12.00 kn2 = 2.24 km EVALUATE:Our answers (2.24 km arfd = 63.4) are close to

our predictions. In Section 1.8 we’'ll learn how to easily add two

A little trigonometry (from Appendix B) allows us to find andle  vectorsnot at right angles to each other.

tanf =

f = arctan 2.00= 63.4

DATA SPEAKS

Vector Addition and Subtraction

When students were given a problem
about adding or subtracting two vectors,
more than 28% gave an incorrect answer.
Common errors:

When adding vectors, drawing vectors
,&, é, andA B incorrectly. The head-
to-tail arrangement shown in Figs. 1.11a
and 1.11b is easiest.

When subtractlng vectors, drawing
vectorsA, B, andA B mcorrectly
Remember that subtractingB from A is
the same as adding Bto A (Fig. 1.14).

1.17 Representing a vectd in terms of
its componentg\, andAy.

The components o?A
are the projections

of the vector onto

the x- and y-axes.

S

A
A = Asinu
u

© A, = Acowu

In this case, bothfand A are positive.

Opposite side  2.00 km
Adjacent side” 1.00 km

= 2.00

TEST YOUR UNDERSTANDING OF SECTION 1.7 Two displacement vectors,
$ andT, have magnitudeS = 3 m andT = 4 m. Which of the following could be the
magnitude of the difference vectdr 17 (There may be more than one correct an-
swer.) (i) 9 m; (i) 7 m; (iii) 5 m; (iv) 1 m; (v) O m; (v 1 m.

1.8 COMPONENTS OF VECTORS

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

To define what we mean by the components of a v@ctwe begin Wlth arect
angular (Cartesian) coordinate system of akég. (1.17. If we think of A as a
displacement vector, we can regd#ds the sum of a displacement parallel to the
x-axis and a displacement parallel to yrexis. We use the numbefg and A to
tell us how much displacement there is parallel to theixand how much there is
parallel to the yaxis, respectively. For example, if thec-axis points east and the
+y-axis points northA in Figure 1.17 could be the sum of a 2.00-m displacement
to the east and a 1.00-m displacement to the north. Bhen +2.00 m and
A, = +1.00 n. We can use the same idea for any vectors, not just displacement
vectors. The two numbers andA, are called the components A.

Components are not vectoiBhe component#, and A, of a vectorA are
numbers; they are netctors themselves. This is why we print the symbols for cempo
nents in lightface italic type with narrow on top instead of in boldface italic with an
arrow, which is reserved for vectors.

We can calculate the components of vedtaf we know its magnitude A?
and its direction. We'll describe the direction of a vector by its angle relative

to some reference direction. In Fig. 1.17 this reference direction is the positive
x-axis, and the angle between vectbtand the positivec-axis isu (the Greek
letter theta). Imagine that vectdr originally lies along thetx@ax and that

you then rotate it to its true direction, as indicated by the arrow in Fig. 1.17 on
the arc for anglel. If this rotation is from therx@ax toward the+y@axi as

is the case in Fig. 1.17, thenis positive; if the rotation is from thetrx@ax
toward the- y@axi thenu is negativeThus thety@ax is at an angle of 90°, the

- X@ax at 180°, and the y@ax at 270° (or- 90). If uis measured in this way,
then from the definition of the trigonometric functions,

= cosu and = sinu
A A (1.5)

A, = Acosu and A, = Asinu
1u measured from the x@axis, rotating toward thg@axi
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In Fig. 1.17A, andA, are positive. This is consistent with Egs. (1.6} in the 1.18 The components of a vector may be
first quadrant (between 0° and 90°), and both the cosine and the sine of an B#Rjie or negative numbers.
in this quadrant are positive. But in Fig. 1.1B® componenB, is negative and (a) y

the componenB, is positive. (If the+Xx-axis points east and they-axis points By Is positive.
north, B could represent a displacement of 2.00 m west and 1.00 m north. Since §

west is in the x-direction and north is in they-direction, B, = - 2.00 ' is By 1+2

negative and, = +1.00 n is positive.) Again, this is consistent with Egs. (1.5); u

now u is in the second quadrant, sosu is negative andin L is positive. In B, 1-2 X

Fig. 1.18b bothC, andC, are negative (bothosu andsinu are negative in the g is negative.
third quadrant).

(b) y

Relating a vector's magnitude and direction to its compon&jsations (1.5) Cx1-2
are correcbnly when the angle is measured from the positiveaxis. If the angle of the
vector is given from a different reference direction or you use a different rotation direc
tion, the relationships are different! Example 1.6 illustrates this point. & G2

S
Both components of C are negative.

1LNT0S

FINDING COMPONENTS

NO

(@) What are the-xand ycomponents of vectdD in Fig. 1.19&2 components in part (a) are roughly 2 m, and that those in part (b)
The magnitude of the vector i© =3.00n, and angle are3mand4 m. The figure indicates the signs of the components.
a = 45. (b) What are the -xand ycomponents of vectoE

in Fig. 1.19b? The magnitude of the vectorEis: 4.50 n, and EXECUTE:(a) The anglea (the Greek letter alpha) between the

positive x-axis andD is measured toward the negativaxis.

leb = 37.0. . .
angle The angle we must use in Eqgs. (1.5)uis -a = - 45. We
then find
SOLUTION Dy = D cosu = 13.00 nRlcosl- 4522 = +2.1 1

IDENTIFY and SET UP:We can use Egs. (1.5) to find the compo
nents of these vectors, but we must be careful: Neither angle

nor b in Fig. 1.19 is measured from thex@xis toward the

+y@xis We estimate from the figure that the lengths of bol!ﬂad we carelessly substitutedi5 fqr uin Egs. (1.5), our result
for Dy would have had the wrong sign.

(b) Thex- and yaxes in Fig. 1.19b are at right angles, so it

Dy = Dsinu = 13.00 n21sinl- 4522 = - 2.1 m

1.19 Calculating the xand ycomponents of vectors. doesn't matter that they aren't horizontal and vertical, respectively.
_ _ But we can't use the angte (the Greek letter beta) in Eqgs. (1.5),
@ Angleais (b)  Angleb is measured from the becausd is measured from they-axis. Instead, we must use the
measured in the +y-axis, not from the-x-axis.

y wrong sense from angleu = 90.0 - b = 90.0 - 37.0 = 53.0. Then we find

the +x-axis, so in

Egs. (1.5) we Ey = Ecos 53.0 = 14.50 nRIcos 53.02 = +2.71 n
t . . .
mustuse s B 142 E, = Esin53.0 = 14.50 n®lsin 53.02 = +3.59 m
D, 1+2 E1+2
a X . EVALUATE:Our answers to both parts are close to our predictions.
T . E < But why do the answers in part () correctly have only two signifi
Y D y We must use u; cant figures?

which is measured from
the +x-axis toward the
+y-axis, in Egs. (1.5).

Using Components to Do Vector Calculations

Using components makes it relatively easy to do various calculations involving
vectors. Let’s look at three important examples: finding a vector's magnitude and
direction, multiplying a vector by a scalar, and calculating the vector sum of two
or more vectors.
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Finding the direction of a vector
from its componentsThere’s one complica
tion in using Egs. (1.7) to find: Any two
angles that differ by 180° have the same tan
gent. Supposé, = 2 mandA, = - 2mas
in Fig. 1.2Q thentanu = - 1.But both135
and315 (or - 45) have tangents of 1. To
decide which is correct, we have to look at
the individual components. Becausg is
positive andA, is negative, the angle must
be in the fourth quadrant; thus= 315
(or - 45) is the correct value. Most pocket
calculators givearctanl- 12 = - 45.
this case thatis correct; but if instead we have
A, = - 2mandA, = 2 m then the correct
angle is 135°. Similarly, when boty, and
A, are negative, the tangent is positive, but
the angle is in the third quadrant. Always
draw a sketch like Fig. 1.20 to determine
which of the two possibilities is correct.

1.20 Drawing a sketch of a vector reveals
the signs of its xandy-components.

Suppose that tan=

Two angles have tangents ofl:-135 and 315°
The diagram shows that u must be 315°.

315°

1.21 Finding the vector sum (resultant) of

A

= -1. What isu?

X

o

A andB using components.

y R is the vector sum
(resultant) ofA andB.

S
The components of R are the sums

s
R

Wo

A
A B

R

of the components of And B:

R=A*E

Re = Ac+ By

1. Finding a vector's magnitude and direction from its componentsWe

can describe a vector completely by giving either its magnitude and direc-
tion or its x and ycomponents. Equations (1.5) show how to find the-com
ponents if we know the magnitude and direction. We can also reverse the
process: We can find the magnitude and direction if we know the compo
nents. By applying the Pythagorean theorem to Fig. 1.17, we find that the
magnitude of vectoA is

A=2A2+ /\,2 (1.6)

(We always take the positive root.) Equation (1.6) is valid for any choice of
x-axis and yaxis, as long as they are mutually perpendicular. The expres-
sion for the vector direction comes from the definition of the tangent of an
angle. Ifu is measured from the positiveaxis, and a positive angle is
measured toward the positiveayis (as in Fig. 1.17), then

A

tanu = and u= arctanz a.7)

A

We will always use the notation arctan for the inverse tangent function (see
Example 1.5 in Section 1.7). The notati@m * is also commonly used,
and your calculator may have an INV or 2ND button to be used with the
TAN button.

. Multiplying a vector by a scalar If we multiply a vectorA by a scalac,

each component of the prodL[at cA is the product of ¢ and the corre
sponding component &:

Dy = cA,, Dy = cA (components of D cfé\) (1.8)

For example, Egs. (1.8) say that each component of the Béciertwice

as great as the corresponding componem @o2A is in the same direc-

tion asA but has twice the magnitude. Each component of the ve&ar

is three times as great as the corresponding componembut has the
opposite sign, se 3A is in the opposite direction froth and has three
times the magnitude. Hence Egs. (1.8) are consistent with our discussion in
Section 1.7 of multiplying a vector by a scalar (see Fig. 1.15).

. Using components to calculate the vector sum (resultant) of two or more

vectors. Figure 1.21shows two vectoré andB and their vector surR,
along with the xand ycomponents of all three vectors. Theomponent
R, of the vector sum is simply the sum, + B,2 of the xcomponents of
the vectors being added. The same is true for tieenyponents. In
symbols,

Eachcomponentofls? A B ..

Re=A+B,, R=A+B (1.9)

... Is the sum of the corresponding componeni&; ahd B

Figure 1.21 shows this result for the case in which the compoAgns,
By, andBy are all positive. Draw additional diagrams to verlfy for yourself
that Egs. (1.9) are valid for any signs of the componen@sa]ﬁdB

If we know the components of any two vectdrsand B, perhaps by
using Egs. (1.5), we can compute the components of the vectdR.sTinen
if we need the magnitude and directionRyfwe can obtain them from
Egs. (1.6) and (1.7) with thésAeplaced by R.



1.8 Components of Vectors 17

We can use the same procedure to find the sum of any number of vet-A vector in three dimensions.

tors. IfR is the vector sum ok, B, C, D, E,c , the components d® are In three dimensions, a vector has
R=A +B+C +D+E+ g . x—,y—,zand Z-components.
R=A+B+CG+D+E +g A
We have talked about vectors that lie in thelape only, but the component
method works just as well for vectors having any direction in space. We can A y

introduce a-axis perpendicular to the-pjane; then in general a vectdhas
componentgy,, A, andA, in the three coordinate directions. Its magnitude A

A

A
A=2 A2+ AP+ A} (1.11)

Again, we alwgys take the positive root (Fig. 1.2850, Eqgs. (1.10) for
the vector sunik have a third component:

Rz:Az+Bz+Cz+Dz+Ez+g

X

The magnitude of vectosr A
iSA=2AZ+ AZ + A2

We've focused on adding displacemesttors, but the method is applica-
ble to all vector quantities. When we study the concept of force in Chapter 4,
we'll find that forces are vectors that obey the same rules of vector addition.

PROBLEM-SOLVING STRATEGYHBCGTOR ADDITION

IDENTIFYthe relevant conceptfecide what the target variable the +x@xis toward the+y@xis then its components are given
is. It may be the magnitude of the vector sum, the direction, or by Egs. 1.5:

both. A, = Acosu Ay = Asinu

SET UPthe problem:Sketch the vectors being added, along with ¢ ihe angles of the vectors are given in some other way, per
suitable coordinate axes. Place the tail of the first vector at thepans ysing a different reference direction, convert them to

origin of the coordinates, place the tail of the second vector at theangles measured from thex@xis as in Example 1.6.

head of the first vector, and so on. Draw the vector BUltom 5 aqq the individual x-components algebraically (including
the tail of the first vector (at the origin) to the head of the last signs) to findR,, the xcomponent of the vector sum. Do the
vector. Use your sketch to estimate the magnitude and directionggme for thg-components to fin®,. See Example 1.7.

of R. Select the mathematical tools you'll use for the full calcyy cgjculate the magnitude and direction of the vector sum by
lation: Eqgs. (1.5) to obtain the components of the vectors given,using Egs. (1.6) and (L.7):

if necessary, Egs. (1.10) to obtain the components of the vector

sum, Eqg. (1.11) to obtain its magnitude, and Eqgs. (1.7) to obtain _ 2 2 _ R
sum, Eg. (1.11) g gs. (1.7) R=2R?+R u = arctan,
its direction. X
EXECUTEthe solutionas follows: EVALUATEYour answer:Confirm that your results for the magni

1. Find thex- andy-components of each individual vector andude and direction of the vector sum agree with the estimates you
record your results in a table, as in Example 1.7. If a vectormmde from your sketch. The valueudtat you find with a calcula
described by a magnitude A and an angleneasured from tor may be off by 180°; your drawing will indicate the correct value.

1LNT0S

USING COMPONENTS TO ADD VECTORS

NO

Three players on a reality TV show are brought to the center ofranediately, but the winner first calculateghere to go. What
large, flat field. Each is given a meter stick, a compass, a calcuaes she calculate?
tor, a shovel, and (in a different order for each contestant) the fol

lowing three displacements: SOLUTION
A:72.4 m, 32.0east of nort IDENTIFY and SET UP:The goal is to find the sum (resultant) of
B: 57.3 m, 36.0south of wes the three displacements, so this is a problem in vector addition. See

Figure 1.23.We have chosen thex@xis as east and th§y@a>< as
north. We estimate from the diagram that the vector Rugnabout
The three displacements lead to the point in the field where fttem,40 west of north (sa is about 90° plus 40°, or abdl80).

keys to a new Porsche are buried. Two players start measuring Continued

C: 17.8 m due sou
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1.23 Three successive displab\cembeﬁts%, angé and the resul-  We've kept an extra significant figure in the components; we’'ll

tant (vector sum) displacemeRt A B C. round to the correct number of significant figures at the end of
y (north) our calculation. The table below shows the components of all the
displacements, the addition of the components, and the other cal-
36.0° culations from Egs. (1.6) and (1.7).
Distance Angle X-component y-component
S73m A=T724n 58.0° 38.37m 61.40 m
B B=573n 216.0° -46.36 n -33.68n
C=178n 270.0° 0.00m -17.80n
R,=-7.99n R =9.92n
5 A 724m
178mC R=21-7.99n# + 19.92n?? = 12.7m
32.0° 992 m
u = arctan _ =-51
! -7.99m
S
R
o X (east) Comparing to angleu in Fig. 1.23 shows that the cailcu

lated angle is clearly off byi80. The correct value s =

EXECUTE The angles of the vectors, measured from tﬁeso *+1- 512 = 129, or39 west of north.

+x@xis toward the +y@xis are 190.0 - 32.02 = 58.0, EVALUATE:Our calculated answers fordRdu agree with our esti
1180.0 + 36.02 = 216.0, and270.0, respectively. We may now mates. Notice how drawing the diagram in Fig. 1.23 made it easy to
use Egs. (1.5) to find the componentof avoid al80 error in the direction of the vector sum.

A, = Acosup = 172.4 nR1cos 58.02 = 38.37 n
Ay = Asinup = 172.4 n21sin 58.02 = 61.40 m

TEST YOUR UNDERSTANDING OF SECTION 1.8 Two vectofsandB lie in the
xy-plane. (a) Cam\ have the same magnitudedut different components? (b) Can
have the same componentsBabut a different magnitude?

1.9 UNIT VECTORS

A unit vector is a vector that has a magnitude of 1, with no units. Its only pur
pose is to point-that is, to describe a direction in space. Unit vectors provide a
convenient notation for many expressions involving components of vectors. We
will always include a caret, or “hat”2, in the symbol for a unit vector to distin
guish it from ordinary vectors whose magnitude may or may not be equal to 1.

1.24 (a) The unit vector€ ande . . . . . .
3 In an xycoordinate system we can define a unit ve@tbat points in the direc-

(b) Expressing a vectok in terms of its

components. tion of the positive saxis and a unit vectd@that p(gints in the direction of the posi
@ tive y-axis Fig. 1.249. Then we can write a vectérin terms of its components as
Unit vectordd andl e point in the 2
directions of the positive x- and y-axes A Ad A)’E (1.12)
and have a magnitude of 1. Equation (1.12) is a vector equation; each term, sugh@ss a vector quantity
8 (Fig. 1.24D). . . .
O 4 X Using unit vectors, we can express the vector Buof two vectorsA andB
as follows:
A AD A
(b) . e &
y We can express a vectarin B Bxd By e
terms of its components as 2 2 2
A A A8 ApB R A B (1.13)
A® 1AM A® 1Bd B/
8 1A, + Bl2d 1A, + Bj2B
X
4 Aa RO RB
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Equation (1.13) restates the content of Egs. (1.9) in the form of a single vector The unit vectorsl B andR.
equation rather than two component equations. Unit vectorsid) e, afd k point in the

If not all of the vectors lie in the xylane, then we need a third component.  directions of the positive x-, y-, and
We introduce a third unit vectdt that points in the direction of the positive z-axes and have a magnitude of 1.
z-axis Fig. 1.25. Then Egs. (1.12) and (1.13) become y

Any vector can be expressed in terms 8
of its x-, y-, and z-components ...

>

Al A@a AR R o X

. (1.14) 2
B B By@ BZR
... and unit vectorg d, e, &hd k.

m(/

1A+ B22d 1A + B28 1A, + B2R
R@A RB RK

(1.15)

USING UNIT VECTORS

NOILNT10S

Given the two displacements EXECUTEWe have
D 16.00d 3.008 1.002m and F  216.000 3.008 1.002m 14.00d0 5.008 8.00R2m
312.00- 4.0d 16.00+ 5.0@8 1- 2.00- 8.02K4 m
18.000 11.008 10.00%2m
From Eg. (1.11) the magnitude Bfis

E 14000 5008 8.00R2m
find the magnitude of the displacem@i E.

SOLUTION F=2F2+F2+F?
IDENTIFY and SET UP:We are to multiply vectob by 2 (a scalar) = 2 18.00 n®* + 111.00 n#® + 1- 10.00 n?
and subtract vectoE from the result, so as to obtain the vector =16.9m

F 2D E Equation (1.8) says that to muItipﬁ/ by 2, we mul

tiply each of its components by 2. We can use Eg. (1.15) to do FMALUATE: Our answer is of the same order of magnitude as the
subtraction; recall from Section 1.7 that subtracting a vector is theger components that appear in the sum. We wouldn't expect our
same as adding the negative of that vector. answer to be much larger than this, but it could be much smaller.

TEST YOUR UNDERSTANDING OF SECTION 1.9 Arrange the following vectors
in order of their magQitude, with the vector of Iargest magnitude firsh (i) .

(3 58 2Qm;()B 1-3d 58 2R2m;(i)C 13d 58 2K2m;(iv)D
13d 58 2kK2m.

1.10 PRODUCTS OF VECTORS

We saw how vector addition develops naturally from the problem of cembin
ing displacements. It will prove useful for calculations with many other vector
guantities. We can also express many physical relationships by using products
vectors. Vectors are not ordinary numbers, so we can't directly apply ordinary
multiplication to vectors. We'll define two different kinds of products of vectors.
The first, called the scalar produdtields a result that is a scalar quantity. The
second, the vector produgtields another vector.

Scalar Product

We denote thecalar product of two vectorsA andB by ATE. Because of this
notation, the scalar product is also called the dot prodatthoughA andB are
vectors, the quantitp B is a scalar.
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1.26 Calculating the scalar product of two

vectors,A = ABcosf .

G s
B

Place the vectors tail to tail.
S
A

(b) A "J:E equals A(B cos f).

(Magnitude ofSA)* Component of
. in direction of A
B

f

>m

B cos f

(c) ,QA#E also equals B(A cos f).

(Magnitude ofSB)* Component of A

in direction oPB

AcosfS
B

f

>m

1.27 The scalar produoi\Fé = ABcosf

To define the scalar produét% we draw the two vectord and B with
their tails at the same poirfi). 1.263. The angld (the Greek letter phi) be
tween the|r directions ranges from 0°1180. Figure 1.26b shows the prOJectlon
of vectorB onto the direction oh; this projection is the component Bfin the
direction ofA and is equal tBcosf . (We can take components along any direc-
tion that's convenient, not just theand yaxes.) We defind\ Fé to be the mag
nitude of A multiplied by the component & in the direction of, or

Scalar (dot) product
of vectors A and B

Magnitsudes of
AandB

= A@B Qo

Angle between A and B when placed tail to tail

A ~B = AB cod (1.16)

Alternatively, we can defind 7B to be the magnitude ;) muItlplled by
the component ofd in the direction ofB, as in Fig. 1.26c. HencA 7B =
B1Acosf 2 = ABcosf , which is the same as Eq. (1.16).

The scalar product is a scalar quantity, not a vector, and it may be positive,
negative, or zero. Wheh is between 0° an@0, cosf 7 0 and the scalar
product is positiveRig. 1.273. Whenf is between 90° anti80 socosf 6 0,
the component oB in the direction ofA is negative, andA 78 is negative
(Fig. 1.27b). Finally, whefi = 90, ATB =0 (Fig. 1.27c). The scalar product
of two perpendicular vectors is always zero.

For any two vectorsA and B, ABcosf = BAcosf. This means that
ATB = BTA. The scalar product obeys the commutative law of multiplication;
the order of the two vectors does not matter.

We'll use the scalar product in Chapter 6 to describe work done by a force. In
later chapters we'll use the scalar product for a variety of purposes, from calcu
lating electric potential to determining the effects that varying magnetic fields

can be positive, negative, or zgro, dependhaye on electric circuits.

ing on the angle betweekandB.

[€)) s If f is betwe
B 0° and 9Q°A
is positive ...

S

A

... because B cos ¥ 0.

(b) .
Isffl, between 90° and 180°,
é A 7B is negative ...

p~14

... because B cos 6 0.

(c) If f —90°A%—0
s because B has zero component
B in the direction of A.

f = 90°

s
A

Using Components to Calculate the Scalar Product

We can calculate the scalar prod@cfé directly if we know the xy-, and z
components o andB. To see how this is done, let’s first work out the scalar
products of the unit vectols & andK. All unit vectors have magnitude 1 and are
perpendicular to each other. Using Eg. (1.16), we find

ot =
afh =

Now we express?\ andB in terms of their components, expand the product, and
use these products of unit vectors:

ATB

efh = R7R = 112112¢c0s0 = 1
(1.17)
afR = e7R = 112112c0s90 = 0

Al Ae ARfiBd BB BR
AL+ ADFB B + AGTE,R

+ ABTB .+ A BB B+ ABBR

+ ARTB+ ARTE B+ ARTB,R

= ABOT + AB BB + ABOTR

(1.18)

+ AB®T + AB 878 + AB,BTR
+ ABRTE+ AB R+ AB,RTR
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From Egs. (1.17) you can see that six of these nine terms are zero. The three that
survive give

Scalar (dqt) proguct
of vectors A and B

A~B = AB, + AB, + AB, (1.19)

Components of B

Components o? A

Thusthe scalar product of two vectors is the sum of the products of their respec
tive components.

The scalar product gives a straightforward way to find the andietween
any two vectorsA andB whose components are known. In this case we can use
Eq. (1.19) to find the scalar productdfindB. Example 1.10 shows how to do this.

CALCULATING A SCALAR PRODUCT

" NOILN10S

»

Find the scalar produ@t*—‘é of the two vectors in Fig. 1.28he EXECUTE: The angle between the two vectos and B
magnitudes of the vectors a#e= 4.0C andB = 5.00 f = 130.0 - 53.0 = 77.0, so Eq. (1.16) gives us

ATB = ABcosf = 14.0@15.0® cos 77.0 = 4.50

SOLUTION
IDENTIFY and SET UP:We can calculate the scalar product in twd® US€ Ed. (1.19), we must first find the components of the vectors.

ways: using the magnitudes of the vectors and the angle betw-ggﬂ angles oA andB are given with respect to thex@xis and

them (Eq. 1.16), and using the components of the vectors (Eq. 138, measured in the sense from the@xis to the +y@xis so we

We'll do it both ways, and the results will check each other. cah use Egs. (1.5):
A, = 14.0@® cos 53.0 = 2.407

A = 14.0@sin 53.0 = 3.195
y B, = 15.0( cos 130.0 = - 3.21¢

1.28 Two vectorsA andB in two dimensions.

S
B By = 15.0@sin 130.0 = 3.830
R s As in Example 1.7, we keep an extra significant figure in the
130.0 A - .
components and round at the end. Equation (1.19) now gives us
. ATB = AB + AB, + AB,
£3.0° = 12.4021- 3.212 + 13.19%213.83@ + 102102 = 4.5C
a X EVALUATE:Both methods give the same result, as they should.
(%]
]
FINDING AN ANGLE WITH THE SCALAR PRODUCT %
=z
Find the angle between the vectors 1.29 Two vectors in three dimensions.
N y
A 2000 3.008 1.0 5 -
) A extends from origin
and . B extends from origin to near corner of red box.
B -4.000 2.008 1.0 to far corner of blue box.
SOLUTION ) A
IDENTIFY and SET UP:We're given thex-, y-, and zcomponents o
of two vectors. Our target variable is the al Ibetween them
(Fig. 1.29. To find this, we’ll solve Eq. (1L.16A ™8 = ABcosf , X
for f in terms of the scalar produ@t% and the magnitudes R d

A and B We can use Eq. (1.19) to evaluate the scalar product,

ATB = + + AB,, and we can use Eq. (1.6) to fiAd
and B Al ARy T AR, % (19 z Continued
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EXT_EECUTE:We solve Eq. (1.16) forosf and use Eq. (1.19) towrite A = 2 A2 + A? + AZ = 2 12.00 + 13.00 + 11.002°
ATB:

2 14.0C
ATE  AB(+AB + AB,

= = B=2B2+B?+B7=2 1 40 + 12.00 + 1- 1.0
cos f AB AB B
= 2 21.00
We can_use th|s formula to find the angle between any two
+ +
vectors A and B. Here we haveA, = 2.00 Ay = 3.00 and (psf = A+ ABy + AB, = - 3.00 = -0.175
A, = 1.00 andBy = - 4.00 B, = 2.00 andB, = - 1.00 Thus AB 2 14.002 21.00
f =100
ATE = AB, + AB, + AB,
= 12.0@1- 4.0 + 13.0212.0® + 11.0®1- 1.0 EVALUATE:As a check on this result, note that the scalar product
ATBis negative. This means thHais between90 and180 (see
= -3.00 Fig. 1.27), which agrees with our answer.

1.30, The vector product k) A: Band Vector Product

®B: A We denote the vector producef two vectorsA and B, also called the cross
(a) Using the right-hand rule to nd the product, by A: B. As the name suggests, the vector product is itself a vector.
direction Osf A E We'll use this product in Chapter 10 to describe torque and angular momentum;
1 Place Aand Btail to tail. A B in Chapters 27 and 28 wel'll use it to describe magnetic fields and forces
2 Point ngers of right hand To define the vector produ# : B, we again draw the two vectofsandB

along A, with palm facing B. with their tails at the same poirfi§. 1.303. The two vectors then lie in a plane.
3 Curl ngers towardB. & We define the vector product to be a vector quantity with a direction perpendicu
4 Thumb poits in, . lar to this plane (that is, perpendlcular to bAtandB) and a magnitude equal to

direction ofa - B. ABsinf . Thatis, ifC  A: B, then

S
B

) ) Magnitude of vector (cross) product of vectorss B a?td A
(b) Using thste rl%ht—hang rulg to ndthe

direction of B: A A: B — ;
(vector product is anticommutative) C = ABsinf (1.20)
S S S
1 Place Band Atail to A Magpnitudes of A and B Angle betweerA and B
tail. f when placed tail to tail
2 Point f right S 5 N )
h;ﬂ, ar:gﬁ;?B?NirtE B We measure the anglefrom A towardB and take it to be the smaller of the two
palm facingA. possible angles, o ranges from 0° td80. Thensinf U Oand C in Eq. (1.20)
3 Curl ngers towardA. B A is never negative, as must be the case for a vector magnitude. Note tha when
e andB are parallel or antiparalldl, = 0° or 180° andC = 0. That is, the vector
4 :h“rsnb points in direction OfSB AS' product of two parallel or antiparallel vectors is always zero. In particular, the
5 B: Ahas same magnitude as AB vector product of any vector with itself is zero.

but points in opposite direction.

Vector product vs. scalar prodlmo not confuse the expressiésinf for
the magnitude of the vector produftct B with the similar expressioABcosf for the
scalar producA B.To see the difference between these two expressions, |mag|ne that we
vary the angle betweeh andB while keeping their magnitudes constant. WheandB
are parallel, the magnltude of the vector product will be zero and the scalar product will
be maximum. Wherk andB are perpendicular, the magnitude of the vector product will
be maximum and the scalar product will be zero.

There are always twdirections perpendicular to a glven plane one on each
side of the plane. We choose which of these is the d|rect|9n oB as follows.
Imaglne rotating vectoA about the perpendicular line unAI is allgned with
B choosing the smaller of the two possible angles betweand B. Curl the
fingers of your right hand around the perpendicular line so that your fingertips
pomt in the direction of rotation; your thumb will then point in the direction of
A: B. Figure 1.30a shows thigght-hand rule and describes a second way to
think about this rule.
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Similarly, we determine the direction &: A by rotatlngB into A as in 131 Calculating the magnitud@Bsinf
Fig. 1.30b. The result is a vector that is oppdsitbe vectod : B. The vector prod- g the vector product of two vectors,
uct is notcommutative but instead is anticommutathe: any two vectord andB

22 > 3 (a)
A: B B A (1.21) (Magnitude of A SB) equals A(B sif).

Just as we did for the scalar product, we can give a geometrical interpretatio
of the magnltude of the vector product. In Fig. 1. :Bal,nf is the component of
vectorB that | is perpendlculato the d|rect|on of vectoh. From Eq. (1.20) the 5
magmtude ofd: B equals the magnitude & multiplied by the component of B B sinf
B that is perpendicular té. Flgure 1.31b shows that the magnltudeﬁof B f
also equals the magnltudeB»fmuIUplled by the component & that is perpen-
dicular toB. Note that Fig. 1.31 shows the case in wihids between 0° and 90°;
draw a similar diagram fdr between 907 and 180° to show that the same gei) -
metrical interpretation of the magmtude/bf B applies. (Magnitude of A B) also equals B(A sih

Magnitude ofSA): Component of B
a perpendicular IPO A

o

. (Magnitude ofSB): Component of A
Using Components to Calculate the Vector Product 2 perpendiculardo B
If we know the components & and I§, we can calculate the components of the A sinf
vector product by using a procedure similar to that for the scalar product. First
we work out the multiplication table for unit vectdt® andk, all three of which f
are perpendicular to each oth&ig, 1.323. The vector product of any vector
with itself is zero, so

=12

d: d e:e R: Kk 0 _ _
1.32 (a) We will always use a right-

The boldface zero is a reminder that each product is a zero-vetiris, one handed coordinate system, like this one.
e will never use a left-handed coordi-

with all components equal to zero and an undefined direction. Using Egs. (ﬂé@l

system (in whictl: 8 R and so
and (1.21) and the right-hand rule, we find on).
a: e p: d K (a) A right-handed coordinate system
. . y
B: R R: & o (1.22) g e B
R: a a: R e 8 B: R d
R:a o
You can verify these equatlons by referring to Fig. 1.32a. o}
Next we expresA andB in terms of their components and the corresponding
R | X
unit vectors, and we expand the expression for the vector product: 7

A: B 1Ad A®B AK2: 1Bd BB Bk
(b) A left-handed coordinate system;
Ad: Bd Aud: Bye Ad: Bz'a we will not use these.
(1.23)
Aje: B Ap: Be ApmB: BK ’
AR: Bd AR: BB AR: BR

We can also rewrite the individual terms in Eq. (1.23) A8: B8
1A,B,2d: B and so on. Evaluating these by using the multiplication table for the a X
unit vectors in Egs. (1.22) and then grouping the terms, we get

A: B IAB,- AB2d 1AB, - AB28 I1AB, - ABR (1.24)

If you compare Eq. (1.24) with Eq. (1.14), you'll see that the components of
C A: Bare

Components of vector (cross) produc;A B

C = '%/Bz - Asz Cy = AB«- AB, C,= &By - AyBx (1.25)

A, A, A, = components of A By, By, B, = components of B
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With the axis system of Fig. 1.32a, if we reverse the direction ofdészwe
get the system shown in Fig. 1.32b. Then, as you may verify, the definition of the
vector product givel: B Kinstead ofd: 8 K. In fact, all vector prod-
ucts of unit vector®l 8 andKk would have signs opposite to those in Egs. (1.22).
So there are two kinds of coordinate systems, which differ in the signs of the vec-
tor products of unit vectors. An axis system in widche K, as in Fig. 1.32a,
is called a right-handed systemThe usual practice is to use omight-handed
systems, and we'll follow that practice throughout this book.

CALCULATING A VECTOR PRODUCT

NOILN10S

Vector A has magnltude 6 units and is in the direction of theXECUTEFrom Eg. (1.20) the magnitude of the vector product is
+x@xis VectorB has magnitude 4 units and lies in thepkgne, ] ]
making an angle of 30° with thex@xis (Fig. 1.33. Find the vee ABsinf = 1621421sin 302 = 12

tor productC - A B. By the right-hand rule, the direction di B is along the

+z@Xxis (the direction of the unit vectdd), soC A: B 123
SOLUTION To use Egs. @1 25), we first determine the componentA of
IDENTIFY and SET UP:We'll find the vector product in two ways, 2"d B. Note thatA points along the -axis, S? its only nonzero
which will provide a check of our calculations. First welll usGomponent ish, For B, Fig. 1.33 shows thdt = 30 is measured

Eq. (1.20) and the right-hand rule; then we'll use Egs. (1.25) to fifigm the+x-axis toward ther y-axis, so we can use Egs. (1.5):

the vector product by using components. A =6 A=0 A, =0
1.33 Vgctorsz andB and their vector produé A: B. By =4cos30=223 By =4sin30 =2 B, =0
Vector B lies in the xyplane. Then Eqgs. (1.25) yield
y C, = 102102 - 102122 = 0
5 Cy = 102122 32 - 162102 =0
o f = 30° C, = 162122 - 102122 32 = 12
A x

Thus again we have  12R.

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

Qo

TEST YOUR UNDERSTANDING OF SECTION 1.10 Vectdk has magnitude 2
and vectoB has magnitude 3. The anglebetweena andB is (i) 0°, (ii) 90°, or

(iif) 180°. For each of the following situations, state what the valdierofist be.

(In each situation there may be more than one correct answ@rﬁa): 0;

A: B 0, AT =6;d)A™B = - 6;(e) Imagnitude ofs : B2 = 6.
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Physical quantities and Uiitee fundamental
physical quantities are mass, length, and time. The
corresponding fundamental S| units are the kilo-
gram, the meter, and the second. Derived units for
other physical quantities are products or quotients
of the basic units. Equations must be dimensionally
consistent; two terms can be added only when they
have the same units. (See Examples 1.1 and 1.2.)

Significant figuré®e accuracy of a measure-

ment can be indicated by the number of significant
figures or by a stated uncertainty. The significant
figures in the result of a calculation are determined
by the rules summarized in Table 1.2. When only
crude estimates are available for input data, we can
often make useful order-of-magnitude estimates.
(See Examples 1.3 and 1.4.)

Scalars, vectors, and vector addiianguanti-
ties are numbers and combine according to the
usual rules of arithmetic. Vector quantities have di-
rection as well as magnitude and combine accord-
ing to the rules of vector addition. The negative of
a vector has the same magnitude but points in the
opposite direction. (See Example 1.5.)

Vector components and vector adelitions:

The xcomponentoR A B is the sum of the
x-components oA andB, and likewise for the
y- and zcomponents. (See Examples 1.6 and 1.7.)

Unit vectordJnit vectors describe directions in =~ A Ad Ap

space. A unit vector has a magnitude of 1, with no
units. The unit vectord B andk, aligned with the
x-, ¥-, and zaxes of a rectangular coordinate sys-
tem, are especially useful. (See Example 1.8.)

Scalar produtte scalar produ@ = A 78 of

two vectorsA andB is a scalar quantity. It can

be expressed in terms of the magnitude& ahd

B and the anglé betweenbthe two vectors, or in
terms of the components 8fandB. The scalar
product is commutativebe\ 8 BTA. The scalar
product of two perpendicular vectors is zero. (See
Examples 1.9 and 1.10.)

Re = A+ By

can be added by usbing components of vectors. R =A + B,
R=~A+8B

A = ABcosf = 0AOBQosf
ATB = AB + AB, + AB,

SOLUTIONS TO ALL EXAMPLES

(1.9)

(1.14)

(1.16)
(1.19)

Signi cant gures in magenta

C _

0.424m

123.62+ 8.9 = 132.5

o0

lvs[%)

o

[oe 1)

>w

Ad

e

lve %)

A8

P= o = omos750m - o4

>m

Scalar produc%A% = AB cos$

s
B

)>m

25
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Vector produdte vector produdt  A: B C = ABsinf (1.20)
of two vectorsA andB is a third vectoC. The

mahgnitudbe ofd: B depends on the magnitudes Cx = AB, - ABy

of A andB and the anglé between the two vec- - .

tors. The direction oA : B is perpendicular to G = ABc- AR (129
the plane of the two vectors being multiplied, as Gz = ABy - ABy

given by the right-hand rule. The components

CHAPTER 1 Units, Physical Quantities, and Vectors

A: Bis perpesndicuglar
A- B tothe plane of A and B.

s
A
f
S

B S S
(Magnitude of A: B) = AB sirf

of C A: B can be expressed in terms of the
components oh andB. The vector product is
not commutativef\ - B B: A. The vector
product of two parallel or antiparallel vectors is
zero. (See Example 1.11))

VECTORS ON THE ROOF

NOILNT0S

An air-conditioning unit is fastened to a roof that slopeas at an angle4 An air-conditioning unit on a slanted roof.
of 35° above the horizontdFig. 1.34. Its weight is a forc& on the

air

conditioner that is directed vertically downward. In order that

the unit not crush the roof tiles, the component of the unit's weight
perpendicular to the roof cannot exceed 425 N. (One newton, or 1.50 m
1 N, is the Sl unit of force. It is equal to 0.2248 Ib.) (&) What is the

maximum allowed weight of the unit? (b) If the fasteners fail, the
unit slides 1.50 m along the roof before it comes to a halt against a

T
<

ledge. How much work does the weight force do on the unit during 35°

its

slide if the unit has the weight calculated in part (&)? The work X

done by a forcd on an object that undergoes a displaceridst

w

='>:?§

SOLUTION GUIDE

IDENTIFYand SET UP

1.

This problem involves vectors and components. What are thepart (a). Be careful: Is 35° the correct angle to use in the-equa
known quantities? Which aspect(s) of the weight vector {mag tion? Hint: Check your sketch.)

nitude, direction, and/or particular components) represent theMake sure your answer has the correct number of significant
target variable for part (a)? Which aspect(s) must you know to figures.

solve part (b)? 6. Use the definition of the scalar product to solve for the target

. Make a sketch based on Fig. 1.34. Draw thend y-axes, variable in part (b). Again, use the correct number of signifi

choosing the positive direction for each. Your axes don't have cant figures.
to be horizontal and vertical, but they do have to be mutually
perpendicular. Figure 1.34 shows a convenient choice of axesALUATE

Thex-axis is parallel to the slope of the roof. 7. Did your answer to part (a) include a vector component whose
3. Choose the equations youll use to determine the targetabsolute value is greater than the magnitude of the vector? Is
variables. that possible?
8. There are two ways to find the scalar product of two vectors,
EXECUTE one d which you used to solve part (b). Check your answer by
4. Use the relationship between the magnitude and direction of arepeating the calculation, using the other way. Do you get the

vector and its components to solve for the target variable in Same answer?
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Problems For assigned homework and other learning materials, go to MasteringPhysics®.

-, ++, -« Difficulty levelsCFE Cumulative problems incorporating material from earlier chaptetsiLCProblems requiring calculus.
DATA Problems involving real data, scientific evidence, experimental design, and/or statistical reasaiiingBiosciences problems.

DISCUSSION QUESTIONS

Q1.1 How many correct experiments do we need to disprov
theory? How many do we need to prove a theory? Explain.
Q1.2 Suppose you are asked to compute the tangent
5.00 meters. Is this possible? Why or why not?

Q1.3 What is your height in centimeters? What is your weight i

newtons? . > .
Q1.4 The U.S. National Institute of Standards and Technolo Ifl,fglve? What abowd = A, the vector product of a vector with
elf?

(NIST) maintains several accurate copies of the internatior} N 5. .

standard kilogram. Even after careful cleaning, these natior%?"zo Let A reprgsgnt gny r)on’)zerp vector. WhyAgA a unit
standard kilograms are gaining mass at an average rate of a§Gicr, @nd what is its direction? ufis the angle thaf makes
1ngyy (y = year when compared every 10 years or so to th\glth the +x-axis, explain whylA>A2~g is called the direction

standard international kilogram. Does this apparent increase hggginefor_that axis. .
any importance? Explain Q1.21 Figure 1.7 shows the result of an unacceptable error in the

Q1.5 What physical phenomena (other than a pendulum or C%opping position of a train. If a train travels 890 km from Berlin
sium clock) could you use to define a time standard? to Paris and then overshoots the end of the track by 10.0 m, what is

Q1.6 Describe how you could measure the thickness of a sheemﬁ percent error in the total distance covered? Is it correct to write
paper with an ordinary ruler the total distance covered by the train as 890,010 m? Explain.

Q1.7 The quantityp = 3.1415% is a number with no dimen Q1'22_WhiCh =°f Ehe £°”°Wingb are, Iegigimateb ma;[henb]atical
sions, since it is a ratio of two lengths. Describe two or three otferations: (@A ~1B_~ Cz (b) 1A B2: C; (0) A-1B: C2
geometrical or physical quantities that are dimensionless. @A: 1B: CZ(€)A: 1B~C2?In each case, give the reason
Q1.8 What are the units of volume? Suppose another Studé%youransvyer. 5 s s

tells you that a cylinder of radius r and height h has volume givét-23 Consider  the  vector productsA: 18: C2 and

by prh. Explain why this cannot be right. 1A: B2: C. Give an example that illustrates the general rule

Q1.9 Three archers each fire four arrows at a target. Joe'’s idfJpt these two vector producis do not have the same magnitude or

arrows hit at points 10 cm above, 10 cm below, 10 cm to the |é‘1lj[[ection. Can you choose vectdksB, andC such that these two
and 10 cm to the right of the center of the target. All four of Mo

evector products arequal? If so, nge an example.
arrows hit within 1 cm of a point 20 cm from the center, and Flo

1.24 Show that, no matter whatandB are,A ~1A : B2 = 0.
four arrows hit within 1 cm of the center. The contest judge saél(%int: D_o_ pot look for_an glaborate mathematical proof. Consider
that one of the archers is precise but not accurate, another ar eeldeflnmonbof tbhe direction _Of the Cross product.)
is accurate but not precise, and the third archer is both accuidte22 (@ If A~B = 0, does it necessarily follow that = 0 or
and precise. Which description applies to which archer? Explaiﬁ’. = 07 Explain. (b) IfA_ : B0, does it necessarily follow that

. A = 0orB = 07 Explain.
Q1.10 Is the vectorld B R2 a unit vector? Is the vector 2 . .
. . Q1.26 If A 0 for a vector in the xy-plane, does it follow that

13.00 2.0& a unit vector? Justify your answers. - _ A?Whatcan you say abous, andA?
Q1.11 A circular racetrack has a radius of 500 m. What is th'%"X A y y A
displacement of a bicyclist when she travels around the track from
the north side to the south si_de? When she makes one CO”‘%RClSES
circle around the track? Explain.
Q1.12 Can you find two vectors with different lengths that haveection 1.3 Standards and Units
a vector sum of zero? What length restrictions are required fagction 1.4 Using and Converting Units
three vectors to have a vector sum of zero? Explain. 1.1 - Starting with the definitiod in. = 2.54 cm find the num
Q1.13 The “direction of time” is said to proceed from past tder of (a) kilometers in 1.00 mile and (b) feet in 1.00 km.
future. Does this mean that time is a vector quantity? Explain. 1.2 -- According to the label on a bottle of salad dressing, the
Q1.14 Air traffic controllers give instructions called “vectors”volume of the contents is 0.473 liter (L). Using only the conver
to tell airline pilots in which direction they are to fly. If these arsions1 L = 1000 cni and 1 in. = 2.54 cm express this volume
the only instructions given, is the name “vector” used correctlyf? cubic inches.
Why or why not? 1.3 -+ How many nanoseconds does it take light to travel 1.00 ft
Q1.15 Can you find a vector quantity that has a magnituda vacuum? (This result is a useful quantity to remember.)
of zero but components that are not zero? Explain. Can thd -- The density of gold i49.3 ¢cm®. What is this value in
magnitude of a vector be less than the magnitude of any of kikbgrams per cubic meter?
components? Explain. 1.5 - The most powerful engine available for the classic 1963
Q1.16 (a) Does it make sense to say that a vector is ne@ativghevrolet Corvette Sting Ray developed 360 horsepower and had
Why? (b) Does it make sense to say that one vector is the negativisplacement of 327 cubic inches. Express this displacement in
of another? Why? Does your answer here contradict what you ditiets (L) by using only the conversiorlsL = 1000 cn? and
in part (a)? lin.=254cm

e%l.l? If ¢ zA é}, what must be true about the directions and
magnitudes ofA andB if C = A + B? What must be true about
the directions and magnitudesibfandé if C =07

Q1.18 If A andB are nonzero vectors, is it possible for both
%433 andA : B to be zero? Explain.

Q1.19 What doesA ~A, the scalar product of a vector with it
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1.6 -- A square field measuring 100.0 m by 100.0 m has an areadical chart but forgets to include the units. Which of these
of 100 hectare. An acre has an are@®®00 ft. If a lot has an quantities could the 200 plausibly represent? The patient’s

area of 12.0 acres, what is its area in hectares? (@) mass in kilograms; (b) height in meters; (c) height in centime
1.7 - How many years older will you be 1.00 gigasecond fromers; (d) height in millimeters; (e) age in months.
nown? (Assume a 365-day year.) 1.18 - How many gallons of gasoline are used in the United

1.8 - While driving in an exotic foreign land, you see a speed linfgtates in one day? Assume that there are two cars for every three
sign that reads 180,000 furlongs per fortnight. How many miles pezople, that each car is driven an average of 10,000 miles per year,
hour is this? (One furlong jsmile, and a fortnight is 14 days. A fur and that the average car gets 20 miles per gallon.

long originally referred to the length of a plowed furrow.) 1.19 - BIO How many times does a typical person blink her
1.9 - A certain fuel-efficient hybrid car gets gasoline mileage @yes in a lifetime?

550 mpg (miles per gallon). (@) If you are driving this car id.20 - BIO Four astronauts are in a spherical space station. (a) If,
Europe and want to compare its mileage with that of othasis typical, each of them breathes ab®0® cn? of air with each
European cars, express this mileagkrnml 1L = liter2. Use the breath, approximately what volume of air (in cubic meters) do these
conversion factors in Appendix E. (b) If this car’s gas tank holdstronauts breathe in a year? (b) What would the diameter {in me
45 L, how many tanks of gas will you use to drive 1500 km?  ters) of the space station have to be to contain all this air?

1.10 - The following conversions occur frequently in physicd.21 - In Wagner's opera Das Rheingolthe goddess Freia is

ard are very useful. (@) Usemi = 5280 frand1 h = 3600 :to ransomed for a pile of gold just tall enough and wide enough to
convert 60 mph to units df>s. (b) The acceleration of a freely hide her from sight. Estimate the monetary value of this pile. The
falling object is32 ft>=>. Usel ft = 30.48 cn to express this ac density of gold is19.3 gcm?®, and take its value to be about
celeration in units om>?. (c) The density of water .0 gecm®.  $10 per gram.

Convert this density to units of ky°. 1.22 - BIO How many times does a human heart beat during a
1.11 -- Neptunium. In the fall of 2002, scientists at Losperson’s lifetime? How many gallons of blood does it pump?
Alamos National Laboratory determined that the critical mass (&stimate that the heart pump8 cn? of blood with each beat.)
neptunium-237 is about 60 kg. The critical mass of a fissionadle23 - You are using water to dilute small amounts of chemicals in
material is the minimum amount that must be brought togetherthe laboratory, drop by drop. How many drops of water are in a 1.0-L
start a nuclear chain reaction. Neptunium-237 has a densityboftle? Hint: Start by estimating the diameter of a drop of water.)

19.5 gem®. What would be the radius of a sphere of this material

that has a critical mass? Section 1.7  Vectors and Vector Addition

1.12 - BIO (a) The recommended daily allowance (RDA) of th_eL ' N )

trace metal magnesium #10 mgday for males. Express this ;'2,4 For the vectorsh and  Figure £1.24 y s
quantity inmg>day. (b) For adults, the RDA of the amino acid® n. Fig. E_1'24’ use a s_cale B (15.0m)
lysine is 12 mg per kg of body weight. How many grams per dg{,awmg to_ find the magnitude

should a 75-kg adult receive? (c) A typical multivitamin tablet caﬁnd glrecyon of (a) the vector 5 (10.0 m) 30.0°
contain 2.0 mg of vitamirB, (riboflavin), and the RDA is sum A Bbanda(b) the vector '

0.0030 gday. How many such tablets should a person take ea@fiference A~ B. Use your 53.0°

day to get the proper amount of this vitamin, if he gets none fréSwers tq find the mbagnltbude

other sources? (d) The RDA for the trace element seleniuma&d dlreCtJOH 9f © A B 25.0° o) X
0.000070 gday. Express this dose in hagy. and _(d) B A (See_ also

1.13 .- BIO Bacteria. Bacteria vary in size, but a diameter ofxercise 1.31 for a different 0m) s

2.0 mmis not unusual. What are the volume (in cubic centimete%?proa(:h') A (8.00 m)
and surface area (in square millimeters) of a spherical bacterigri® =~ A Postal employee

of that size? (Consult Appendix B for relevant formulas.) drives a delivgry t.ruck along the . . .
route shown in Fig. E1.29etermine the magnitude and direc

tion of the resultant displacement by drawing a scale diagram.

Section 1.5 Uncertainty and Significant Figures (See also Exercise 1.32 for a different approach.)
1.14 - With a wooden ruler, you measure the length of a rectan

gular piece of sheet metal to be 12 mm. With micrometer calipeféigure E1.25
you measure the width of the rectangle to be 5.98 mm. Use the

correct number of significant figures: What is (a) the area of

the rectangle; (b) the ratio of the rectangle’s width to its length; &
(c) the perimeter of the rectangle; (d) the difference between the >
length and the width; and (e) the ratio of the length to the width? 4.0 km

1.15 -- A useful and easy-to-remember approximate value for the

number of seconds in a yeartis* 10’. Determine the percent

error in this approximate value. (There are 365.24 days in one year.) g

1.16 - Express each approximation @f to six significant =

figures: (@)22%7 and (b)355%113 (c) Are these approximations
accurate to that precision?

STOP

45°

Section 1.6  Estimates and Orders of Magnitude 1.26 -- A spelunker is surveying a cave. She follows a passage
1.17 -- BIO Arather ordinary middle-aged man is in the hospit80 m straight west, then 210 m in a directith east of south,
tal for a routine checkup. The nurse writes “200” on the patiengsd then 280 m &0 east of north. After a fourth displacement,
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she finds herself back where she started. Use a scale drawintp tarite an expression for the vector differerice B and (c) find
determine the magnitude and direction of the fourth displadte magnitude and d|rect|on of the vector differeAce B. d)In

ment. (See also Problem 1.61 for a different approach.) a vector diagram sho, B, andA B, and show that your dia
gram agrees qualitatively with your answer to part (c).

1.39 -- (a) Write each vector in Figyre £1.39

Section 1.8 Components of Vectors : . .
Fig. E1.39in terms of the unit

1. 27 Compute the- and ycomponents of the vectoﬁs B C ) y
vectors@ andg. (b) Use unit vec s
andD in Fig. E1.24. < wh A (3.60 m)
1.28 -- Let u be the angle that the vectdr makes with the ©'S ;ooe))%)res;ovoeé:t ! errg
+x-axis, measured counterclockwise from that axis. Fmt . itud : Id (C)d' mt'
angleu for a vector that has these componentsA@¥ 2.00 m, feé magnitude  an irection 70.0°
=-1.00mMm)A =200mA, = 1.00mC)A = -2.00m
A (B) A = A= ©A 1.40 - You are given two vec 30.0° (o) X

A = 1.00m (d)A = -200mA = -100m
1.29 - Vector A has ycomponentA, = +9.60 . A makes an
angle 0f32.0 counterclockwise from the y-axis. (a) What is the

clockwise angles be positive.

x-component oﬁA’> (b) What is the magnitude AP .
1.30 - Vector A is in the dlrect|0n34 0 clockwise from the (Qa) What angle doet make with theJ'X@X' ? (b) What angle does

- y@xis. The xcomponent ofa is A = - 16.0 1, (a) What is the B make with the+x@xis? () VectorC is the sum ofA and B,
y-component ofA? () What is the magnltudeAP soC A B.What angle doe@ make with thet+ x@xis?

1.31 - For the vectors andB in Fig. E1.24, use the method of1 41 - Given two vectorsA - 2001 3.00 4.0(R and

components to find the magnitude and direction of () the vec%r 3.000 1.08 3.0( () find the magnitude of each vec
sumA B: (b) the vector sunB A (©) the vector dlfference r; (b) use un|t vectors to write an expression for the vecter dif
A B (d) the vector differencB A, f nceA B and (c) find the magnitude of the vector difference

1.32 .- A postal employee drives a delivery truck over the roué B. Is this the same as the magnltuchof A Explain.
shown in Fig. E1.25. Use the method of components to determine

the magnitude and direction of her resultant displacement. "égction 110 Products of Vectors

vector-addition diagram (roughly to scale), show that the resultan
displacement found from your diagram is in qualitative agreement
with the result you obtained by using the method of componenti
1.33 - A disoriented physics professor drives 3.25 km north
then 2.20 km west, and then 1.50 km south. Find the magnit

and direction of the resultant displacement, using the method Os) of the two vectors given in Exercise 1.38. What is the maani-
components. In a vector-addition diagram (roughly to scale), Sh?ude of the vector produgct'> g

that the resultant displacement found from your diagram is % 45 .. Find the angle between each of these pairs of vectors:
qualitative agreement with the result you obtained by using t

tors A -3.00d0 6.008 and s
7.00d0 2.008 Letcounter B (24m)

v

- (@) Find the scalar product of the vectdrand B given
Exercise 1.38. (b) Find the angle between these two vectors.
For the vectorsA B andC in Fig. E1.24, find the scalar
oducts (a)A B (b)B~C (c)A ~C.
- Find the vector produot\ B (expressed in unit vec

method of components. @) A -2000 6000 and B 2.00d0 3.00

1.34 - Find the magnitude and direction of the vector repr(? )A 3000 5.000 and B 1000 6.008

sented by the following pairs of components: £g)= - 8.60 cm 5 ' ' N ' '

Ay =520cm (b) Ax =-970m Ay -245m (C) Ax - (C) A -4.000 2.008 and B 7.00d 14.008

7.75km A, = - %70 km 1.46 - For the two vectors in Fig. E1.35, find the magnitude and
1.35 - Vector A is 2.80 €M o0 21 35 direction of (a) the vector produét : B; (b) the vector product
long and is 60.0 above the B: A

x-axis in the first quadrant. Y 1.47 - For the two vectoré andD in Fig. E1.24, find the mag
Vector B is 1.90 cm long and is A (2.80 cm) nitude and direction of (a) the vector prodédct D; (b) the vee
60.0 below the »axis in the tor productd : A.

fourth quadrant Kig. E1.39. 1.48 - For the two vectord and B in Fig. E1.39, find (a) the
Use components to find the mag 60.0° scalar producA ~B; (b) the magnitude and direction of the vector
nltude and dlrectlon of (at) B o 60.0° X productA B.

(b) A B (©) B A. In each

case, sketch the vector addition or 8 (1.90 cm)
subtraction and show that your ' PROBLEMS
numerical answers are in qualita

tive agreement with your sketch. 1.49 -- White Dwarfs and Neutron Stars. Recall that density

is mass divided by volume, and consult Appendix B as needed.

_ _ (a) Calculate the average density of the eartpim®, assuming
Section 1.9 Unit Vectors . our planet is a perfect sphere. (b) In about 5 billion years, at
1.36 - In each case, find the &ard y-components of vectoh:  the end of its lifetime, our sun will end up as a white dwarf that
@A 50 63 (A 112 991 (A -150d has about the same mass as it does now but is reduced to about

22.%; (d),z\ 5.0B, whereB  4d 6k 15,000 km in diameter. What will be its density at that stage?
1.37 -- Write each vector in Fig. E1.24 in terms of the unit-vedc) A neutron star is the remnant of certain supernovae (explosions
tors € andE. . . of giant stars). Typically, neutron stars are about 20 km in diame
1.38 -- Given two vectord 4.000 7.006andB 5.00d ter and have about the same mass as our sun. What is a typical

2.008 (a) find the magnitude of each vector; (b) use unit vectangutron star density irsgm’?
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1.50 - An acre has a length of one furlomb mi2 and a width west of north, and the resultant of these two pulls is 460.0- N di
one-tenth of its length. (a) How many acres are in a square mile€tly northward. Use vector components to find the magnitude of
(b) How many square feet are in an acre? See Appendix E. (c)éath of these pulls and the direction of the smaller pull.

acre-foot is the volume of water that would cover 1 acre of fl&t60 -- Three horizontal ropes rigyre p1.60

land to a depth of 1 foot. How many gallons are in 1 acre-foot? pull on a large stone stuck in the
1.51 .- An Earthlike Planet. In January 2006 astronomers reground,b p!oducing the vector 5(800 N)
ported the discovery of a planet, comparable in size to the eaffirces A, B, and C shown in ' s

orbiting another star and having a mass about 5.5 times the eafffgs P1.60.Find the magnitude 30.0° A (100.0N)
mass. It is believed to consist of a mixture of rock and ice, similand direction of a fourth force

to Neptune. If this planet has the same density as Neptumethe stone that will make the

y

11.76 gem2, what is its radius expressed (a) in kilometers andctor sum of the four forces 30.0°
(b) as a multiple of earth’s radius? Consult Appendix F for astrpero. 5300 ©

nomical data. 1.61 --- As noted in Exercise

1.52 -- The Hydrogen Maser. A maser is a laser-type devicel.26, a spelunker is surveying a © (40-0N)

that produces electromagnetic waves with frequencies in the mave. She follows a passage 180 m

crowave and radio-wave bands of the electromagnetic spectrstnaight west, then 210 m in a directids eas of south, and then

You can use the radio waves generated by a hydrogen maser 280am at30 eas of north. After a fourth displacement, she finds
standard of frequency. The frequency of these waves higrself back where she started. Use the method of components to
1,420,405,751.786 hertz. (A hertz is another name for one cydktermine the magnitude and direction of the fourth displace
per second.) A clock controlled by a hydrogen maser is off by onfyent. Draw the vector-addition diagram and show that it is in

1 s in 100,000 years. For the following questions, use only thrgalitative agreement with your numerical solution.

significant figures. (The large number of significant figures giveh.62 --- Emergency Landing. A plane leaves the airport in

for the frequency simply illustrates the remarkable accuracy Galisteo and flies 170 km &8.0 eas of north; then it changes
which it has been measured.) (@) What is the time for one cycledafction to fly 230 km a86.0 soutt of east, after which it makes

the radio wave? (b) How many cycles occur in 1 h? (c) How maag immediate emergency landing in a pasture. When the airport
cycles would have occurred during the age of the earth, whictsends out a rescue crew, in which direction and how far should
estimated to bd.6 * 10° years2d) By how many seconds wouldthis crew fly to go directly to this plane?

a hydrogen maser clock be off after a time interval equal to thé3 --- Dislocated Shoulder.A paient with a dislocated

age of the earth? shoulder is put into a traction apparatus as shown in Fig. P1.63.
1.53 - BIO Breathing Oxygen. The density of air under stan The pullsﬂ andB have equal magnitudes and must combine to
dard laboratory conditions .29 kgm?®, and about 20% of that produce an outward traction force of 12.8 N on the patient’s arm.
air consists of oxygen. Typically, people breathe aBdubf air How large should these pulls be?
per breath. (a) How many grams of oxygen does a person breathe

in a day? (b) If this air is stored uncompressed in a cubical tafiigure 1.63

how long is each side of the tank?

1.54 --- A rectangular piece of aluminum &60{ 0.01 cm

long and1.90{ 0.01cm wide. (a) Find the area of the rectangle

and the uncertainty in the area. (b) Verify that the fractional un

certainty in the area is equal to the sum of the fractional uncer

tainties in the length and in the width. (This is a general result.)

1.55 -+ As you eat your way through a bag of chocolate chip

cookies, you observe that each cookie is a circular disk with a di

ameter 08.50{ 0.0Zcm and a thickness 6f050{ 0.00f cm.

(@) Find the average volume of a cookie and the uncertainty in the

volume. (b) Find the ratio of the diameter to the thickness and th&4 -+ A sailor in a small sailboat encounters shifting winds.
uncertainty in this ratio. She sails 2.00 km east, next 3.50 km southeast, and then an addi
1.56 - BIO Biological tissues are typically made up of 98% watetional distance in an unknown direction. Her final position is
Given that the density of water 1s0 * 10° kgom®, estimate the 5.80 km directly east of the starting poifiid. P1.64. Find the
mass of (a) the heart of an adult human; (b) a cell with a diamet&gnitude and direction of the third leg of the journey. Draw the
of 0.5 nm; (c) a honeybee. vector-addition diagram and show that it is in qualitative agree
1.57 - BIO Estimate the number of atoms in your bodin¢: ment with your numerical solution.

Based on what you know about biology and chemistry, what are
the most common types of atom in your body? What is the m&
of each type of atom? Appendix D gives the atomic masses-of dif
ferent elements, measured in atomic mass units; you can find the
value of an atomic mass unit, or 1 u, in Appendix E.)

1.58 - Two ropes in a vertical plane exert equal-magnitude
forces on a hanging weight but pull with an angle of 72.06° be R
tween them. What pull does each rope exert if their resultant pull 2.00 km 45.0
is 372 N directly upward? 3.50 km
1.59 --- Two workers pull horizontally on a heavy box, but one

pulls twice as hard as the other. The larger pull is directed at 21.0°

>m

32°

32°

los[%}

re P1.64

START FINISH

S 5.80 km

Third
leg
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1.65 - You leave the airport in College Station and fly 23.0 kmotation for your answer, clearly indicating your choice of coeordi

in a drection34.@ south of east. You then fly 46.0 km due northnates. (b) How far did you travel along the path you took from
How far and in what direction must you then fly to reach a privayeur apartment to the restaurant, and what is the magnitude of the
landing strip that is 32.0 km due west of the College Statialisplacement you calculated in part (a)?

airport? 1.73 -- While following a treasure map, you start at an old oak
1.66 --- On a training flight, a Figure P1.66 tree. You first walk 825 m directly south, then turn and walk
student pilot flies from Lincoln, 1.25 km at 30.0° west of north, and finally walk 1.00 km at 32.0°
Nebraska, to Clarinda, lowa, 147 km IOWA north of east, where you find the treasure: a biography of Isaac
next to St. Joseph, Missouri, and |incoln gse Clarinda Newton! (a) To return to the old oak tree, in what direction should
then to Manhattan, Kansas you head and how far will you walk? Use components to solve this
(Fig. P1.6§. The directions are 106 km problem. (b) To see whether your calculation in part (a) is reason
shown relative to north0 is  NEBRASKA 167 able, compare it with a graphical solution drawn roughly to scale.
north, 90 is east,180 is south, st. Joseph 1.74 -- Afence postis 52.0 m from where you are standing, in a
and270 is west. Use the method - nnattan direction 37.0 north of east. A second fence post is due south
of components to find (a) the dis 166 km from you. How far are you from the second post if the distance
tance she has to fly from N 235° between the two posts is 68.0 m?

Manhattan to get back to ,, . 1.75 .- A dog in an open field runs 12.0 m east and then 28.0 m
Lincoln, and (b) the direction S KANSAS MISSOURI in a drection50.0 west of north. In what direction and how far
(relative to north) she must fly to must the dog then run to end up 10.0 m south of her original start
get there. lllustrate your solutions with a vector diagram. ing point?

1.67 -+ As a test of orienteering skills, your physics class holdsla76 --- Ricardo and Jane are standing under a tree in the mid
cortest in a large, open field. Each contestant is told to travel 20.8lke of a pasture. An argument ensues, and they walk away- in dif
due north from the starting point, then 38.0 m due east, andféirent directions. Ricardo walks 26.0 m in a direc@n0 west
nally 18.0 m in the directio3.0 west of south. After the speci of north. Jane walks 16.0 m in a directi80.0 south of west.

fied displacements, a contestant will find a silver dollar hidderhey then stop and turn to face each other. (&) What is the dis
under a rock. The winner is the person who takes the shortest ttarece between them? (b) In what direction should Ricardo walk to
to reach the location of the silver dollar. Remembering what ygo directly toward Jane?

learned in class, you run on a straight line from the starting poln77 --- You are camping with Joe and Karl. Since all three of
to the hidden coin. How far and in what direction do you run? you like your privacy, you don't pitch your tents close together.
1.68 --- Getting Back. An explorer in Antarctica leaves hisJoe’s tent is 21.0 m from yours, in the directt#0 south of east.
shelter during a whiteout. He takes 40 steps northeast, n&drl's tent is 32.0 m from yours, in the directi@@.0 north of

80 steps ab0 north of west, and then 50 steps due south. Assumast. What is the distance between Karl's tent and Joe’s tent?

all of his steps are equal in length. (a) Sketch, roughly to scale, 1hé8 -- Bond Angle in Methane. In the methane molecule,
three vectors and their resultant. (b) Save the explorer fream I&H,, each hydrogen atom is at a corner of a regular tetrahedron
coming hopelessly lost by giving him the displacement, calculatedth the carbon atom at the center. In coordinates for which one of
by using the method of components, that will return him to hike C~ H bonds is in the direction o 8 K, an adjacent
shelter. C- Hbondisinthed B R direction. Calculate the angle-be
1.69 - You are lost at night in a large, open field. Your GPS teltgveen these two bonds.

you that you are 122.0 m from your truck, in a direc68m0 east 1.79 -- VectorsA and B have scalar product 6.0C, and their

of south. You walk 72.0 m due west along a ditch. How mueh fatector product has magnituded.0C. What is the angle between
ther, and in what direction, must you walk to reach your truck? these two vectors?

1.70 --- A ship leaves the island of Guam and sails 285 km &80 -- A cube is placed so Figure P1.80

62.0 nortl of west. In which direction must it now head and howhat one corner is at the origin
far must it sail so that its resultant displacement will be 115 kamd three edges are along the

z

directly east of Guam? X-, y-, and zaxes of a coordinate b c
1.71 .- BIO Bones and Muscles. A physical therapy patient hasystem Fig. P1.80Q. Use vectors

a forearm that weighs 20.5 N and lifts a 112.0-N weight. These compute (a) the angle be d
two forces are directed vertically downward. The only other sigveen the edge along thlzeaxis

nificant forces on this forearm come from the biceps musdléne ab) and the diagonal from a

(which acts perpendicular to the forearm) and the force at tie origin to the opposite corner
elbow. If the biceps produces a pull of 232 N when the forearm(ie ad), and (b) the angle be
raised43.0 above the horizontal, find the magnitude and dire¢ween line adthe diagonal of a
tion of the force that the elbow exerts on the forearm. (The sunfate) and line ad

the elbow force and the biceps force must balance the weightld81 -- Vector A has magnitudeb 1250 m, and veckhas mag

the arm and the weight it is carrying, so their vector sum must hitude 16.0 m. The scalar produkt-B is 112.0 nf. What is the
132.5 N, upward.) magnitude of the vector product between these two vectors?
1.72 --- You decide to go to your favorite neighborhood restall.82 --- Obtain a unit vector perpendicular to the two vectors
rant. You leave your apartment, take the elevator 10 flights dowiven in Exercise 1.41.

(each flight is 3.0 m), and then walk 15 m south to the apartmdn83 -- The scalar product of vectors and B is +48.0 nf.
exit. You then proceed 0.200 km east, turn north, and anector,Z\tlas magnitude 9.00 m and direct@®0 west of south.
0.100 km to the entrance of the restaurant. (a) Determine the d:ﬁsvectobr B has directior89.0 south of east, what is the magni
placement from your apartment to the restaurant. Use unit vediate ofB?

X
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l 84 -- Two vectorsA and B have magyntudesﬁ = 3.0C and December 3, 1999, the day Mars Polar Landewpacted the
= 3.00 Their vector product isA: B - 5. 0R 2.00d Martian surface at high velocity and probably disintegrated, the

What is the angle betweemandB’? positions of the earth and Mars were given by these coordinates:
1.85 -+ You are given vectorsA 5.00 6.5 and é

3.5d0 7.0a A third vector, C, lies in the xyplane. VectorC is X y z

perpendicular to vectoh, and the scalar product wanth Bis Earth 0.3182 AU 0.9329 AU 0.0000 AU

15.0. From this information, find the components of ve€tor Mars 13087 AU - 0.4427 AU - 0.041< AU

1.86 -- Later in our study of physics we will encounter quanti ) ) o

ties represented bb& |°32 é @) Prove that for any three vec Wlth _th_ese coordinates, the sun is at the origin and_ the earth’s
tors A B and C A 1B & 1A: B2-&. (b) Calculate orbit is in the xyplane. The earth passes_throughfheams once

1A - B2~& for vector A with magnitudeA = 5.0C and angle a year on the autumnal equinox, the first day of autumn in the
Uy = 26.0 (measured from thex+axis toward the+y axis), vee northern .hemisphlere (on or about September 22). One .AU’ or
tor B with B = 4.0C and Us = 63.0, and vectorC W|th magni astronomical unitjs equal t01.496 * 10° km, the average dis

tude 6.00 and in the z-direction. VectorsA and B are in the tance from the earth to the sun. (a) Draw the pqsitions of t_he sun,
xy—plane. the earth, and Mars on December 3, 1999. (b) Find these distances

1.87 --- DATAYou are a team leader at a pharmaceutical- COIiH AU on December 3, 1999: from (J) the sun to the earth; (ii) the
g to Mars; (iii) the earth to Mars. (c) As seen from the earth,

any. Several technicians are preparing samples, and you Wanl#]
pany. preparing P 4 at was the angle between the direction to the sun and the direc

compare the densities of the sampengity = massvolume by
. ?
using the mass and volume values they have reported. Unfortuna{@ to Mars on December 3, 19997 (d) Explain whether Mars was
ible from your current location at midnight on December 3,

you did not specify what units to use. The technicians used-a vi i
ety of units in reporting their values, as shown in the followin ?99. (When it is midnight, the sun is on the opposite side of the

arth from you.)

table.
Sample ID Mass Volume
CHALLENGE PROBLEMS
A 8.004¢ 1.67* 10 %m?
B 6.00 5 1.90 --- Completed PassThe football team at Enormous State
oM 9.38* 10°nm University (ESU) uses vector displacements to record its plays,
(o} 8.00 mg 250* 10 3cnt with the origin taken to be the position of the ball before the play
: starts. In a certain pass play, the receiver startslad 5.08,
D * 4 *
9.007 107kg 2.81* 10°mm? where the units are yards,is to the right, anc¢ is downfield.
E 9.00* 10*ng 1.41* 10 °mn? Subsequent displacements of the receiver+&€Xx (he is in me
F 6.00* 10°2mg 125% 108 mm? tion before the snapi11.C¢ (breaks downfield)- 6.0d 4.0e

(zigs), and+12.0d0 18.08 (zags). Meanwhile, the quarterback
List the sample IDs in order of increasing density of the samplehas dropped straight back to a positio.08 How far and in
1.88 --- DATAYou are a mechanlcal englneer working for avhich direction must the quarterback throw the ball? (Like the
manufacturlng company. Two forceEl and F2, act on a compo coach, you will be well advised to diagram the situation before
nent part of a piece of equipment. Your boss asked you to find ﬂmnng this numerically.)
magnitude of the larger of these two forces. You can vary tfed1 --- Navigating in the Big Dipper. All of the stars of the
angle betweerh?l and F2 from 0° to 90° while the magnitude of Big Dlpper (part of the constellation Ursa Major) may appear to be
each force stays constant. And, you can measure the magnitudde@tame distance from the earth, but in fact they are very far from
the resultant force they produce (their vector sum), but you caneath other. Figure P1.9%hows the distances from the earth to
directly measure the magnitude of each separate force. You mesch of these stars. The distances are given in light-years (ly), the
sure the magnitude of the resultant force for four angletween distance that light travels in one year. One light-year equals

the directions of the two forces as follows: 9.461* 10 m. (a) Alkaid and Merak ar®5.6 apart in the
earth’s sky. In a diagram, show the relative positions of Alkaid,
L Resultant force (N) Merak, and our sun. Find the distance in light-years from Alkaid
0.0 8.00 to Merak. (b) To an inhabitant of a planet orbiting Merak, how
45.0 7.43 many degrees apart in the sky would Alkaid and our sun be?
60.0 7.00 _
90.0 583 Figure P1.91
Mearez Dubhe
(@ What is the magnitude of the larger of the two forces? Mizar 81g|y 1051y
(b) When the equipment is used on the production line, the angle 73ly
between the two forces B0.0. What is the magnitude of the )
o Alioth Merak
resultant force in this case? 771
64 ly y

1.89 --- DATA Navigating in the Solar System The Mars Alkaid Phad
Polar Landerspacecraft was launched on January 3, 1999. On  138ly 80 ly
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size, total lung volume, and number of alveoli per individual? As
the total volume of the lungs increases, (a) the number and volume
BIO CALCULATING LUNG VOLUME IN HUMANS. hy of individual alveoli increase; (b) the number of alveoli increases
mans oxygen and carbon dioxide are exchanged in the blodd the volume of individual alveoli decreases; (c) the volume of
within many small sacs called alveoli in the lungs. Alveoli-prdhe individual alveoli remains constant and the number of alveoli
vide a large surface area for gas exchange. Recent careful niggeases; (d) both the number of alveoli and the volume of
surements show that the total number of alveoli in a typical pairiglividual alveoli remain constant.

lungs is about80 * 10P and that the average volume of a smgle

alveolus is4.2 * 10f nm®. (The volume of a sphere¥s= 4pr3, ~ Flgure P1.94

PASSAGE PROBLEMS

and the area of a spherefis= 4pr?2) § 6
1.92 What is total volume of the gas-exchanging region of the < 5
lungs? (a) 2000 m?; (b) 2 n; (c) 2.0 L; (d) 120 L. 8 4
1.93 If we assume that alveoli are spherical, what is the diameter § 3
of a typical alveolus? (@) 0.20 mm; (b) 2 mm; () 20 mm; § 2
(d) 200 mm. g 1
1.94 Individuals vary considerably in total lung volume. g
<0 500 1000 15002000 2500

Figure P1.94shows the results of measuring the total lung vol
ume and average alveolar volume of six individuals. From these
data, what can you infer about the relationship among alveolar

Total lung volume

Answers

f?

Chapter Opening Question :

(i) Take the+x@Xxis to point east and they@xis to point north. 1.8 (a) yes, (b) no VectorsA and B can have the same mag
Then we need to find the-gomponent of the velocity vector, nitude but different components if they point in different direc
which has magnitude = 15 knph and is at an angla = 37  tions. If they have the same components, however, they are the
measured from the x@xis toward the+y@xis From Egs. (1.5) same vectolA B2 and so must have the same magnltude

we have vy = vsinu = 115 knph2sin37 = 9.0 kneh. So the 1.9 All have the same magnitude. Vectord, B, C, and D
thunderstorm moves 9.0 km north in 1 h and 18 km north in 2 Ipoint in different directions but have the same magnitude:

Test Your Understanding Questions

1.5 (i) Density= 11.80 kg>16.0* 10 * m2 = 3.0* 103 kgom®.
When we multiply or divide, the number with the fewest sig
nificant figures controls the number of significdigures in the 1 1 @ (i) F 90, (b) () F O or (i) F 180,
result. c)() F 0, () (i) F 180, (e) (i) F 90 (a) The sca
1.6 The answer depends on how many students are enrolleéafatproduct is zero only iR and B are perpendicular. (b) The
your campus. ) vector product is zero only i andB are parallel or antiparal
1.7 (ii), (iii), and (iv) Vedor T has the same magnitude age|, () The scalar product is equal to the product of the magni
vectorT, s08 T & 1 T2is the sumof one vector of t,des1h 78 = AR only if A andB are parallel. (d) The scalar
magnitude 3 m and one of magnitude 4 m. This sum has MBebduct is equal to the negative of the product of the magni
nltude 7mifSand T are parallel and magnltude 1 rTSfand tudes1A B = - AR2 only if A and B are antiparallel. (e) The

T are antiparallel. The magn|tude$>f T is 5m ifSand T magnitude of the vector product is equal to the product of the

are perpendicular, when vectdsT, andS T form a 3-4-5 magnitudes3imagnitude oA B2=AR4 only if A andB are
right triangle. Answer (i) is impossible because the magnitud@ pendicular.

of the sum of two vectors cannot be greater than the sum of the

magnitudes; answer (v) is impossible because the sum of two vec

tors can be zero only if the two vectors are antiparallel and haved9ing Problem
the same magnitude; and answer (vi) is impossible because #)e5.2 * 16? N
magnitude of a vector cannot be negative. (b) 45* 10°N*n

>
I
(o8]
I
@)
I
O
Il

2 3mP+ 1 5mP+ 1 2m2
29mP+25nF+4nmP=238nm=62n



f? A typical runner gains

= Speed gradually during
the course of a sprinting foot
race and then slows down
after crossing the finish line. In
which part of the motion is it
accurate to say that the runner
is accelerating? (i) During the
race; (ii) after the runner crosses
the finish line; (iii) both (i) and (ii);
(iv) neither (i) nor (ii); (v) answer
depends on how rapidly the
runner gains speed during

the race.
LEARNING GOALS hat distance must an airliner travel down a runway before it reaches

Looking forward at ...

21

2.2

2.3

2.4

2.5

takeoff speed? When you throw a baseball straight up in the air, how
high does it go? When a glass slips from your hand, how much time
How the ideas of displacement and averagedo you have to catch it before it hits the floor? These are the kinds of questions
‘éf:t’ig';y help us describe straight-line -y} il learn to answer in this chapter. We begin our study of physics with
- . . mechanicsthe study of the relationships among force, matter, and motion. In this
The meaning of instantaneous velocity; . . .
the difference between velocity and speed. chapter anq the ne?(t we will study 'klnemattte par.t of me_chanlcs that enables
How to use average acceleration and instarHS 10 describe motion. Later we will study dynamics, which helps us understand
taneous acceleration to describe changes iwhy objects move in different ways.
velocity. In this chapter we'll concentrate on the simplest kind of motion: a body mov
How to use equations and graphs to solve ing along a straight line. To describe this motion, we introduce the physical quan
problems that involve straight-line motion  tjties velocity and accelerationln physics these quantities have definitions that
with constant acceleration. are more precise and slightly different from the ones used in everyday language.

How to solve problems in which an objectisg 1, elocity and acceleration avectors: As you learned in Chapter 1, this

falling freely under the influence of gravity

alone. means that they have both magnitude and direction. Our concern in this chapter
2.6 How to analyze straight-line motion when 1S With motion along a straight line only, so we won't need the full mathematics
the acceleration is not constant. of vectors just yet. But using vectors will be essential in Chapter 3 when we con
sider motion in two or three dimensions.
Looking back at ... We'll develop simple equations to describe straight-line motion in the impor
1.7 The displacement vector. tant special case when acceleration is constant. An example is the motion of a
1.8 Components of a vector. freely falling body. We'll also consider situations in which acceleration varies

34

during the motion; in this case, it's necessary to use integration to describe the
motion. (If you haven't studied integration yet, Section 2.6 is optional.)

2.1 DISPLACEMENT, TIME, AND AVERAGE VELOCITY

Suppose a drag racer drives her dragster along a straight Rigck2 (D). To
study the dragster’s motion, we need a coordinate system. We choosexitiéax
lie along the dragster’s straight-line path, with the origiat@he starting line.



2.1 Displacement, Time, and Average Velocity

2.1 Positions of a dragster at two times during its run.

Positionatt = 1.0s Position aty = 4.0s

START FINISH
Py P,
Displacement fromytto t,
X-axis X
O X = 19m Xo = 277 m
X=1% - x2=258m

x-coordinate of x-coordinate of

dragsterat 1.0 s dragster at 4.0 s
X is positive to the right of the When the dragster moves in the +x-direction, the displacement
origin (O), negative to the left X is positive and so is the average x-velocity:
of it. _ X _ 258m_

\Y = 86 m>s

ax™ t 7 30s

We also choose a point on the dragster, such as its front end, and represent the
entire dragster by that point. Hence we treat the dragster as a patrticle.

A useful way to describe the motion of this particle is in terms of the change
in its coordinate x over a time interval. Suppose that 1.0 s after the start the front
of the dragster is at poifg, 19 m from the origin, and 4.0 s after the start it is
at pointP,, 277 m from the origin. The displacemaitthe particle is a vector
that points fronP; to P, (see Section 1.7). Figure 2.1 shows that this vector points
along the »axis. The xcomponent (see Section 1.8) of the displacement is the
change in the value of 277 m- 19 m) = 258 m that took place during the
time interval of(4.0 s- 1.0 s)= 3.0 s We define the dragster’s average velocity
during this time interval as a vectahose xcomponent is the change in x di
vided by the time interva{258 m}3.0 s) = 86 ns.

In general, the average velocity depends on the particular time interval cho
sen. For a 3.0-s time interval befdhe start of the race, the dragster is at rest at
the starting line and has zero displacement, so its average velocity for this time
interval is zero.

Let's generalize the concept of average velocity. At timibe dragster is at
point P;, with coordinatex,, and at times, it is at pointP,, with coordinatex,.

The displacement of the dragster during the time interval ffota t, is the
vector fromP; to P,. The xcomponent of the displacement, denoted is the
change in the coordinate x:

X=X - X1 (2.1)

The dragster moves along thaxis only, so the-yand zcomponents of the dis-
placement are equal to zero.

The meaning of x Note that x is notthe product of and x it is a single
symbol that means “the change in quantitye use the Greek capital letter(delta) to
represent a change a quantity, equal to the finahlue of the quantity minus the initial
value—never the reverse. Likewise, the time interval ftpto t, is  t, the change in:t

t = t, - t (final time minus initial time).

The x-component of average velocity, or the averageelocity, is the
x-component of displacementy, divided by the time interval t during which
the displacement occurs. We use the sympgl for averagex-velocity (the sub
script “av” signifies average value, and the subscript x indicates that this is the
X-component):

Average x-velocity ofa ~ X-component of the particle’s displacement

particle in straight-line . .
. L X X - X Final x-coordinate

motion during time _ _ 2 1 . L

interval from § to t avx - minus initial (22)

2 t -1 x-coordinate

Time interval Final time minus initial time

35



36 CHAPTER 2 Motion Along a Straight Line

2.2 Positions of an official's truck at two
times during its motion. The poini and

P> now indicate the positions of the truck,
not the dragster, and so are the reverse of

Fig. 2.1.

Rules for the Sign
TABLE 2.1 of x-Velocity

If x-coordinate is: ... x-velocity is:
Positive & increasing Positive: Particle
(getting more positive)  is moving in
+x-direction
Positive & decreasing Negative: Particle
(getting less positive) is moving in
- x-direction

Negative & increasing Positive: Particle
(getting less negative) is moving in
+x-direction
Negative & decreasing  Negative: Particle
(getting more negative) is moving in
- x-direction

Note: These rules apply to both the average
x-velocity va,g and the instantaneous/glocity
vy (to be discussed in Section 2.2).

2.3 A graph of the position of a dragster
as a function of time.

Position aty = 25.0 s Position at{ = 16.0 s
START FINISH

P, P1

Displacement fromytto t,
O X = 19m X; = 277 m
X= 1% - x,2= -258m
This position is now x This position is now x
When the truck moves in thex-direction, X is
negative and so is the average x-velocity:
X _ -258m_

Vavx = ¢ 9.0s

- 29 s

As an example, for the dragster in Fig. 1= 19 mx, = 277 mt; = 1.0s
andt, = 4.0 s So Eq. (2.2) gives

. 277Tm- 19m_ 258m
M@ 40s- 1.0s  3.0s

The average-velocity of the dragster is positive. This means that during the
time interval, the coordinate x increased and the dragster moved in the positive
x-direction (to the right in Fig. 2.1).

If a particle moves in the negativadirection during a time interval, its aver
age velocity for that time interval is negative. For example, suppose an official's
truck moves to the left along the tradkid. 2.2. The truck is ak; = 277 i at
tp, = 16.0¢and is atx, = 19 m att, = 25.0s Then x = 119 m- 277 nR=
-258mand t=(25.0s- 16.0s)= 9.0 s The xcomponent of average ve
locity is vaua= x> t = (- 258 mK9.0 s)= - 29 nPs. Table 2.1 lists some
simple rules for deciding whether th@elocity is positive or negative.

= 86 nPs

The sign of averagevelocity In our example positive,, means motion to
the right, as in Fig. 2.1, and negatixzgg means motion to the left, as in Fig. 2.2. But that's
only because we chose the-direction to be to the right. Had we chosen thedirection
to be to the left, the averagevelocity v, Would have been negative for the dragster
moving to the right and positive for the truck moving to the left. In most problems the
direction of the coordinate axis is yours to choose. Once you've made your choice, you
musttake it into account when interpreting the signsgf and other quantities that
describe motion!

With straight-line motion we sometimes calk simply the displacement and
Vav@ Simply the average velocity. But remember that these aredbiponents of
vector quantities that, in this special case, have enymponents. In Chapter 3,
displacement, velocity, and acceleration vectors will have two or three nonzero
components.

Figure 2.3is a graph of the dragster’s position as a function of time—that
is, an xt graph. The curve in the figure does n@present the dragster’s path;

X (m) For a displacement along the x-axis, an object’s average x-velocity
Vavx€quals the slope of a line connecting the corresponding points

Dragster track 400 on a graph of position (x)
(not to scale) versus time (t
300
P, X P2
BN
O
R
200 ¥
)
&
) & X = X - Xq
100 & «
o® Slope = rise over run=
Py t =t-t;
oo ()
(0] 1 2 3 4



2.2 Instantaneous Velocity 37

as Fig. 2.1 shows, the path is a straight line. Rather, the graph represents how
the dragster's position changes with time. The pojit&nd p, on the graph
correspond to the pointd, andP, along the dragster’'s path. Lingp, is the
hypotenuse of a right triangle with vertical sid& = x, - x; and horizontal
side t =1t - t;. The average-velocity vay@x= X> t of the dragster equals
theslopeof the linep; p,—that is, the ratio of the triangle’s vertical sidg to its

Typical Velocity
TABLE 2.2 Magnitudes

horizontal side t. (The slope has units of meters divided by secondspgrthe A snails pace 103 mes
correct units for averagevelocity.) A brisk walk 21mps
The average-xelocity depends on only the total displacemert= x, - x, Fastesthuman 11 nps
that occurs during the time intervat = t, - t;, not on what happens duringFreeway speeds 30 s
the time interval. At time; a motorcycle might have raced past the dragstertagtest car 341 s
pointPy in Fig. 2.1, then slowed down to pass through pRjtt the same timg ~ Random motion of air 500 v

. . . olecules
as the dragster. Both vehicles have the same displacement during the same fime
. . Fastest airplane 1000 s
interval and so have the same averagelocity. o _—

. . . . . . ... Orhiting communications

If distance is given in meters and time in seconds, average velocity is M&gseyjite 3000 s
sured in meters per second,nors (Table 2.2). Other common units of VeloCity giectron orbiting in a
are kilometers per hokm>h), feet per seconft>s), miles per houfmi>h), and hydrogen atom

knots(1 knot = 1 nautical mileh = 6080 fth). Light traveling in vacuum 3+ 18 ms

2* 10° mss

TEST YOUR UNDERSTANDING OF SECTION 2.1 Each of the following five trips
takes one hour. The positivelitection is to the east. (i) Automob#etravels 50 km due
east. (ii) Automobile Bravels 50 km due west. (iii) Automobilet@vels 60 km due east,
then turns around and travels 10 km due west. (iv) Automobita\2ls 70 km due
east. (v) Automobile Eravels 20 km due west, then turns around and travels 20 km
due east. (a) Rank the five trips in order of averagglocity from most positive to most
negative. (b) Which trips, if any, have the same averagdoxity? (c) For which trip, if
any, is the averagewvelocity equal to zero?

2.2 INSTANTANEOUS VELOCITY

Sometimes average velocity is all you need to know about a particle’s motign.The winner of a 50-m swimming race
For example, a race along a straight line is really a competition to see whosg B Swimmer whose average velocity
erage velocityy.,e has the greatest magnitude. The prize goes to the compeliiyNe 9reatest magnitude—that is, the
- A swimmer who traverses a displacement

who can travel the displacemenx from the start to the finish line in the shortsf 50 m in the shortest elapsed time
est time interval, t (Fig. 2.4).

But the average velocity of a particle during a time interval can't tell us how
fast, or in what direction, the particle was moving at any given time during the
interval. For that we need to know the instantaneous velocity, or the velocity at

a specific instant of time or specific point along the path.

How long is an instant¥ou might use the phrase “It lasted just an instant”
to refer to something that spanned a very short time interval. But in physics an instant has
no duration at all; it refers to a single value of time.

To find the instantaneous velocity of the dragster in Fig. 2.1 at pPginte
move pointP, closer and closer to poify and compute the average velocity
Vavax= X> t over the ever-shorter displacement and time interval. Both
and t become very small, but their ratio does not necessarily become small.
In the language of calculus, the limit ok> t as t approaches zero is called
the derivative of x with respect to t and is writtehedt. We use the symbal,,
with no “av” subscript, for the instantaneous velocity along taig, or the
instantaneousx-velocity:

The instantaneous dx

x-velocity of a particle in vy = lim X = (2.3)
straight-line motion ... tSo t dt
... equals the limit of the particle’s average ... and equals the instantaneous rate of

x-velocity as the time interval approaches zero ... change of the particle’s x-coordinate.
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2.5 In any problem involving straight-ine  The time interval t is always positive, s@, has the same algebraic sign as
motion, the choice of which directionis —y A positive value ofr, means that x is increasing and the motion is in the
Sgig'\;%ﬁnd which is negative is entirely positive x-direction; a negative value of means that s decreasing and the
' motion is in the negative-direction. A body can have positiveaxd negative

vy, Or the reverse; tells us where the body is, whilg tells us how it's moving
(Fig. 2.5. The rules that we presented in Table 2.1 (Section 2.1) for the sign of
average welocity v,,g also apply to the sign of instantaneowsbocity v,.

Instantaneous velocity, like average velocity, is a vector; Eq. (2.3) defines its
x-component. In straight-line motion, all other components of instantaneous
velocity are zero. In this case we often eglsimply the instantaneous velocity.
(In Chapter 3 we'll deal with the general case in which the instantaneous velocity
can have nonzere,¥-, and zcomponents.) When we use the term “velocity,” we
will always mean instantaneous rather than average velocity.

“Velocity” and “speed” are used interchangeably in everyday language, but
they have distinct definitions in physics. We use the term speei@note dis
o) tance traveled divided by time, on either an average or an instantaneous basis.
... has a negative x-velocity if we choose Instantaneouspeed, for which we use the symbolvith no subscripts, mea
the positive x-direction to the right ... sures how fast a particle is moving; instantaneous velouitysures how fast

and in what direction it's moving. Instantaneous speed is the magnitude of in
0 stantaneous velocity and so can never be negative. For example, a particle with

... but has a positive x-velocity, if we instantaneous velocity, = 25 s and a second particle witly = - 25 nmps
choose the positive x-direction to the left.  are moving in opposite directions at the same instantaneousZpees.

A bicyclist moving to the left ...

Average speed and average velocRyerage speed is ntite magnitude of
average velocity. When César Cielo set a world record in 2009 by swimming 100.0 m in
46.91 4, his average speed wék10.0 m¥46.91 s)= 2.132 n¥s. But because he swam
two lengths in a 50-m pool, he started and ended at the same point and so had zero total
displacement and zero averaggocity! Both average speed and instantaneous speed are
scalars, not vectors, because these quantities contain no information about direction.

AVERAGE AND INSTANTANEOUS VELOCITIES

NOILN10S

A cheetah is crouched 20 m to the east of a vehiite 2.69. At  displacement betweedn = 1.0 candt, = 2.0 s (b) Find its aver
timet = 0 the cheetah begins to run due east toward an antelage velocity during that interval. (c) Find its instantaneous veloc
that is 50 m to the east of the vehicle. During the first 2.0itg att; = 1.0 ¢« by taking t = 0.1 s then0.01 s then0.001 s

of the chase, the cheetah'saordinate varies with time according(d) Derive an expression for the cheetah’s instantaneous velocity as
to the equatiorx = 20 m + (5.0 A2 (a) Find the cheetah’s a function of time, and use it to find att = 1.0 candt = 2.0 s

2.6 A cheetah attacking an antelope from ambush. The animals are not drawn to the same scale as the axis.

(a) The situation

(b) Our sketch

(c) Decisions 1 Point axis in 2 Place origin 3 Mark initial 4 Mark positions 5 Add the known
direction cheetah runs, at vehicle. positions of cheetah  for cheetah at 1 s and unknown
so that all values will and antelope. and 2 s. quantities.

be positve.
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SOLUTION The average-xelocity during this 0.1-s interval is
IDENTIFY and SET UP:Figure 2.6b shows our sketch of the chee Vag= 2002M 25M _ 65 s
tah's motion. We use Eq. (2.1) for displacement, Eq. (2.2) for average 1l1s- 10s
velocity, and Eq. (2.3) for instantaneous velocity. Following this pattern, you can calculate the averagelocities
EXECUTE:(a) Att; = 1.0 andt, = 2.0 « the cheetah's positions 0" 0-01-S and 0.001-s intervals: The results He5 n¥s and
¥, andx, are 10.005 ms. As t gets smaller, the averagevedocity gets closer
to 10.0 n¥s, so we conclude that the instantaneowlgcity at
X = 20m+ 15.0 nPs21.0 2 = 25 m t = 1.0 £is 10.0 n¥s. (We suspended the rules for significant-figure
% = 20 m+ 15.0 ms22.0 2 = 40 m counting in these calculati_ons.) o
. ) ) . . (d) From Eg. (2.3) the instantaneouselocity isv, = dxdt.
The displacement during this 1.0-s interval is The derivative of a constant is zero and the derivativ@isf2, so
=X - =40m- 25m=15n ax _d
X=% - X =40 > ° = = g BOM+ 15.0 Mm%

(b) The average-welocity during this interval is
0 + 15.0 nPs?212t2 = 110 nps?t

At t = 1.0 s this yieldsvy, = 10 n®s, as we found in part (c); at
t =20svy = 20 nPs.

Xp- X _40m- 25m _ 15nm
tb-t 20s- 1.0s 10s
= 15 s

Vav@ =

EVALUATE:Our results show that the cheetah picked up speed from
t = 0 (when it was at rest) to= 1.0 ¢ 1v, = 10 nP2tot = 2.0 ¢

1v, = 20 Ps2. This makes sense; the cheetah covered only 5 m
during the interval = Otot = 1.0 s but it covered 15 m during the

X = 20 m+ 15.0 nps211.1 €2 = 26.05 m intervalt = 1.0 stot = 2.0 s

() With t = 0.1 ¢ the time interval is front; = 1.0<to a
newt, = 1.1 <« Att, the position is

Finding Velocity onan x -t Graph

We can also find the-velocity of a particle from the graph of its position as a
function of time. Suppose we want to find theelocity of the dragster in Fig. 2.1

at pointP;. As pointP; in Fig. 2.1 approaches poiR{, point p, in the xt graphs

of Figs. 2.7a and 2.7b approaches pqinand the averagevelocity is calculated

over shorter time intervalst. In the limit that tS 0, shown in Fig. 2.7c, the
slope of the lingn p, equals the slope of the line tangent to the curve at pgint
Thus,on a graph of position as a function of time for straight-line motion, the
instantaneous x-velocity at any point is equal to the slope of the tangent to the
curve at that point.

If the tangent to the-kcurve slopes upward to the right, as in Fig. 2.7c, then
its slope is positive, the-welocity is positive, and the motion is in the positive
x-direction. If the tangent slopes downward to the right, the slope ofttheaph
and the welocity are negative, and the motion is in the negatidérection.
When the tangent is horizontal, the slope and theocity are zero. Figure 2.8
(next page) illustrates these three possibilities.

2.7 Using an xt graph to go from (a), (b) averageelocity to (c) instantaneousvelocity vy. In (c) we find the
slope of the tangent to thet xurve by dividing any vertical interval (with distance units) along the tangent by the
corresponding horizontal interval (with time units).

(@) (b) (©

x (m) x (m) x (m)
400 400 400
t =20s t =10s
160 m
300 x = 150 m 300 x = 55m 800 vi= s 002
Vayx = 75 mM>s Vavx = 55 m>s = 40 m>s eO!‘)\a\k\le\Oc
200 P, 200 200 0P cOU®
oV <
s
100 X 100 P2 100 160 m
PL t PLoy  x P 40s
t(s) t(s) t(s)
o} 1 2 3 4 5 o 1 2 3 4 5 o 1 2 3 4 5
As the average x-velocity,y, is calculated ... its value y,, = x>t approaches the The instantaneous x-velocity at any
over shorter and shorter time intervals ... instantaneous x-velocity. given point equals the slope of the tangent

to the x-t curve at that point.
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2.8 (a) The xt graph of the motion of a particular partigle. A motion diagram showing the position and velocity
of the particle at each of the times labeled on thgraph.

(a) x-t graph
Slope zero:y = 0
C

X

D

Slope positive:
vy 70

Slope negative:

v, 6 0

E

(b) Particle’s motion

t= 0 v N The particle is at 6 0 and moving
AT 0 in +x-direction.
v .
tg 0 x From i, to g it speeds up, ...
t ¢ v=20 _ and from § to t it slows down,
C 0 then halts momentarily at.t
o v x Fromgto it speeds up in
0 -x-direction, ...
te v x - and fromg to t it slows down

0 in -x-direction.

r On an x-t graph, the slope of the tangent at any point equals the particle’s velocity at that point.
rThe steeper the slope (positive or negative), the greater the particle’s speed in the positive or negative x-direction.

2.9 An x-t graph for a particle.

X

Q

Figure 2.8 depicts the motion of a particle in two ways: as (atamaph and
(b) a motion diagramthat shows the particle’s position at various instants (like
frames from a video of the particle’s motion) as well as arrows to represent the
particle’s velocity at each instant. We will use bothgraphs and motion dia
grams in this chapter to represent motion. You will find it helpful to dratlvan
x-t graph and a motion diagram when you solve any problem involving motion.

TEST YOUR UNDERSTANDING OF SECTION 2.2 Figure 2.9 is aft graph of
the motion of a particle. (a) Rank the values of the particldocity v, at points PQ, R,
and S from most positive to most negative. (b) At which pointgpesitive? (c) At
which points isv, negative? (d) At which points ig zero? (e) Rank the values of the
particle’s speeat points PQ, R and S from fastest to slowest.

2.3 AVERAGE AND INSTANTANEOUS
ACCELERATION

Just as velocity describes the rate of change of position with dgicoeleration
describes the rate of change of velocity with time. Like velocity, acceleration is a
vector quantity. When the motion is along a straight line, its only nonzero com
ponent is along that line. As we'll see, acceleration in straight-line motion can
refer to either speeding up or slowing down.

Average Acceleration

Let's consider again a particle moving along tkexis. Suppose that at timge
the particle is at poinP; and has s;component of (instantaneous) velocity,,
and at a later timg it is at pointP, and has s;component of velocity,,. So
the x-component of velocity changes by an amouw = v,, - Vi, during the
time interval t = t, - t;. As the particle moves frorR, to P,, its average
accelerationis a vector quantity whosecomponenta,,q (called the average
x-acceleration) equals vy, the change in the-gomponent of velocity, divided
by the time interval t:

Average x-acceleration of Change in x-component of the particle’s velocity
a particle in straight-line

motion during time Vo Vot Vi Final x-velocity
interval from g to t, Bavx = t T t-t minus I_nltlal (2.4)
2 1 x-velocity

Time interval Final time minus initial time
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For straight-line motion along theaxis we will often calb,,g simply the aver
age acceleration. (We'll encounter the other components of the average accelera-
tion vector in Chapter 3.)

If we express velocity in meters per second and time in seconds, then average
acceleration is in meters per second per second. This is usually writtes’as
and is read “meters per second squared.”

Don't confuse velocity and acceleratidMelocity describes how a body’s
position changes with time; it tells us how fast and in what direction the body moves.
Acceleration describes how the velocity changes with time; it tells us how the speed and
direction of motion change. To see the difference, imagine you are riding along with the
moving body. If the body accelerates forward and gains speed, you feel pushed backward
in your seat; if it accelerates backward and loses speed, you feel pushed forward. If the
velocity is constant and there’s no acceleration, you feel neither sensation. (We’'ll explain
these sensations in Chapter 4.

AVERAGE ACCELERATION

NOILNT0S

An astronaut has left an orbiting spacecraft to test a new persanab Our graphs of welocity versus time (top) and average
maneuvering unit. As she moves along a straight line, her patacceleration versus time (bottom) for the astronaut.
ner on the spacecraft measures her velocity every 2.0 s, starting at

timet = 1.0s (b)
(@)
t Vy t Vy
10c¢ 0.8 nPs 9.0¢ -0.4nrs
3.0¢ 1.2 ks 11.0 ¢ - 1.0 nPs
50¢  1.6ms 13.0¢ - 16nws ©
7.0¢ 1.2 s 150¢ - 0.8 nps @

The slope of the line connecting each

Find the average-acceleration, and state whether the speed of . .
pair of points on theyt graph ...

the astronaut increases or decreases over each of these 2.0-s time )
intervals: (Q); = 1.0 <tot, = 3.0s (b)t; = 5.0¢tot, = 7.0s o equals Lhe average x-acceleration
©t = 9.0¢tot, = 11.0s (d)ty = 13.0¢tot, = 15.0s etween those points.

SOLUTION

IDENTIFY and SET UP:We'll use Eg. (2.4) to determine the-av
erage acceleration,,g from the change in velocity over each
time interval. To find the changes in speed, we'll use the idea tlaal’l
speed is the magnitude of the instantaneous velogity '
The upper part of Fig. 2.1% our graph of the-xelocity as In the lower part of Fig. 2.10, we graph the values,g

a function of ime. On this,€ graph, the slope of the line con EVALUATE:The signs and relative magnitudes of the average-accel
necting the endpoints of each interval is the aversgegleration - ' 9 tive magnitude . 9
rations agree with our qualitative predictions. Notice that when

av@m = V& t for that interval. The four slopes (and thus th . S S
: : . ... the average-acceleration has the samlgebraic sign as the initial
signsof the average accelerations) are, from left to right, positive it inint | d th ¢ A faster. Wh
negative, negative, and positive. The third and fourth slopes (é’r%oc' ¥: as In intervais @ an (.C)’ € astronaut goes faster. When
¢ has theoppositealgebraic sign from the initial velocity, as in

thus the average accelerations themselves) have greater magni{tgéfe . )
than the first and second. intervals (b) and (d), she slows down. Thus poskieeceleration

means speeding up if thevglocity is positive [interval (a)] but

EXECUTE:Using Eq. (2.4), we find: slowing down if the welocity is negative [interval (d)]. Similarly,

@ag@=11.2nPs - 0.8mMms213.0s- 1.02 = 0.2 s, negative x-acceleration means speeding up if theebocity is
The speed (magnitude of instantaneouslgcity) increases from negative [interval (c)] but slowing down if thev&locity is positive
0.8 nPsto 1.2 s, [interval (b)].

(b) 3@ = 11.2 mPs - 1.6 MPs2217.0s- 5.0L = - 0.2 P>,
The speed decreases frdnd nps to 1.2 nes.

©an@= 3-1.0nPs - 1- 0.4 mPs244111.0s- 9.0 =
- 0.3 n¥s”. The speed increases fr@wt s to 1.0 nes.

(d)ag@ = 3-0.8nPs - 1- 1.6 nPs24*115.0s- 13.02 =
mes?. The speed decreases frard nes to 0.8 nbs.



42 CHAPTER 2 Motion Along a Straight Line

2.11 A Grand Prix car at two points on the straightaway.

Speed y Speed y
x-velocity v, x-velocity b,

0] Py P,

Instantaneous Acceleration

We can now define instantaneous acceleratity following the same proee

dure that we used to define instantaneous velocity. Suppose a race car driver is
driving along a straightaway as shown in Fig. 21d define the instantaneous
acceleration at poirf?;, we take poin®, in Fig. 2.11 to be closer and closer to

P, so that the average acceleration is computed over shorter and shorter time
intervals. Thus

The instantaneous

_ _ % dv
x-acceleration of a particle g_ = |lim X = X 2.5)
in straight-line motion ... S0t dt
... equals the limit of the particle’'s average ... and equals the instantaneous rate

x-acceleration as the time interval approaches zero of. change of the particle’s x-velocity.

In Eg. (2.5) is the xcomponent of the acceleration vector, which we call the
instantaneousx-acceleration; in straight-line motion, all other components of
this vector are zero. From now on, when we use the term “acceleration,” we will
always mean instantaneous acceleration, not average acceleration.

AVERAGE AND INSTANTANEOUS ACCELERATIONS

NOILNT0S

Suppose the-xelocity v, of the car in Fig. 2.11 at any time t isThe change in-xelocity v, betweert; = 1.0 sandt, = 3.0 <is

given by the equation Vi = Vay - Vi = 64.5 s - 60.5 s = 4.0 ns

- 2
Vx = 60 s + 10.50 nPs’t (b) The average-acceleration during this time interval of

(a) Find the change in x-velocity of the car in the time interv@¥rationt, - t = 2.0sis

t; = 1.0stot, = 3.0 s (b) Find the averageacceleration in this Voy - Viy 4.0 mps
time interval. (c) Find the instantaneousoceleration at time Q@ = b -t = 20s
t; = 1.0 < by taking tto be first 0.1 s, then 0.01 s, then 0.001 s. 21 '
(d) Derive an expression for the instantaneoasoeleration as a During this time interval the-xelocity and average-acceleration
function of time, and use it to fing, att = 1.0 sandt = 3.0 s have the same algebraic sign (in this case, positive), and the car

= 2.0 m<?

speeds up.
(€) When t = 0.1s we havet, = 1.1 < Proceeding as be
SOLUTION fore, we find
IDENTIFY and SET UP:This example is analogous to Example 21 Vox = 60 1mPs + 10.50 msS211.1 €2 = 60.605 s
in Section 2.2. In that example we found the averagelocity
from the change in position over shorter and shorter time intervals, Vx = 0.105 mxs
and we obtained an expression for the instantanevelcity by vy 0.105 ms

= 1.05 ms

differentiating the position as a function of time. In this example  dav@ =
we have an exact parallel. Using Eq. (2.4), we'll find the average

x-accelerationfrom the change in-welocityover a time interval. You should follow this pattern to calculagg,g for t = 0.01
Likewise, using Eq. (2.5), we'll obtain an expression for the instaand  t = 0.001s the results areaye = 1.005 ms’ and

taneousc-acceleratiorby differentiating the-xelocityas a function dav@ = 1.0005 ms”, respectively. As t gets smaller, the aver
of time. age x-acceleration gets closer to 1@<, so the instantaneous

x-acceleration at = 1.0 ¢is 1.0 ms>.
EXECUTE:(a) Before we can apply Eq. (2.4), we must find the (d) By Eg. (2.5) the instantaneousaceleration is, = dv,>dt.
x-velocity at each time from the given equationt At 1.0 sand The derivative of a constant is zero and the derivatit®isf2, so
t, = 3.0 4 the velocities are

t 01l1s

dv d
a = dtx = 4 0 s + 10.50 nes2t%4

10.50 ms22t2 = 11.0 st

Vix = 60 s + 10.50 mrs>211.0 22 = 60.5 n¥s
Vo = 60 s + 10.50 mrs213.0 2 = 64.5 n¥s
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Whent = 1.0 ¢, EVALUATE:Neither of the values we found in part (d) is equal
1.0 mp3211.0 € = 1.0 bl to the a‘ve_rage-acceleratlon found_ in part_ (b). That_s because
the car’s instantaneousacceleration varies with time. The

Whent = 3.0s rate of change of acceleration with time is sometimes called
11.0 n#s213.0 2 = 3.0 N the “jerk.

L
I

Y

Finding Acceleration on a vy -t Graph oran x -t Graph

In Section 2.2 we interpreted average and instantaneeeigoity in terms of
the slope of a graph of position versus time. In the same way, we can interpret
average and instantaneousacceleration by using a graph of instantaneous ve
locity vy versus time-tthat is, av, (€ graph (Fig. 2.19. Pointsp; andp, on the
graph correspond to poin®y andP, in Fig. 2.11. The averageacceleration
avax= Vx> tduring this interval is the slope of the lipgy,.

As pointP, in Fig. 2.11 approaches poiRf, point , in thev,@ graph of
Fig. 2.12 approaches poipt, and the slope of the ling p, approaches the slope
of the line tangent to the curve at pojnt Thus,on a graph of x-velocity as
a function of time, the instantaneous x-acceleration at any point is equal to
the slope of the tangent to the curve at that point. Tangents drawn at different
points along the curve in Fig. 2.12 have different slopes, so the instantaneous

x-acceleration varies with time. Rules for the Sign of

. ) . L TABLE 2.3 x-Acceleration
Signs of xacceleration and -xelocity The algebraic sign of the

x-acceleration does ndell you whether a body is speeding up or slowing dowrf,  If x-velocity is: ... x-acceleration is:
You must compare the sign§ of th«ve_docity and the 9accele_r§1tion. Whemy gndax _ Pasitive & increasing  Positive: Particle
have the samsign, the body is speeding up. If both are positive, the body is movinggetting more positive) is moving in
the positive direction with increasing speed. If both are negative, the body is moving in +x-direction &
the negative direction with anvelocity that is becoming more negative, and again the speeding up
speed is increasing. Whegpanda, have oppositsigns, the body is slowing down.Mfis ~ Positive & decreasing Negative: Particle

i ; ; ; o i ; ; : tting less positive) is moving in
positive andh, is negative, the body is moving in the positive direction with decreasmﬁ +x-direction &
speed; ifvy is negative and, is positive, the body is moving in the negative direction slowing down
with anx-velocity t_hat is becoming less r_legatlve, and again the body is slowing doM’ébative & increasing Positive: Particle
Table 2.3summarizes these rules, and Fig. 21i&t page) illustrates some of them.  (getting less negative) is moving in

- x-direction &

The term “deceleration” is sometimes used for a decrease in speed. Because it _ S'OW'”_g fovn _

may mean positive or negatisg, depending on the sign of, we avoid this term. Negative & decreasing Negative: Particle

) te i veN e
We can also learn about the acceleration of a body from a graplposit®n (getting more negative)is moving in

‘ : - x-direction &
versus time. Becausg = dv,>dt andv, = dx=dt, we can write speeding up
5 Note: These rules apply to both the average
_ dvy _ d _dx d<x x-acceleratiory,, and the instantaneous

= = b = .
&7 gt T dt2at dt2 (2.6)

x-acceleratioruy.

For a displacement along the x-axis, an object’s average x-acceleration 2.12 A vy@ graph of the motion in
Vx equals the slope of a line connecting the corresponding points on a Fig. 2.11.
graph of x-velocity (y) versus time (t).
P2
Vax Q
’b&\o
ye*
@
<
2
S -
e\?f Vix = Vox - Vax
N
%
7
\OQQ‘ Slqpe of tangent toat curve a_\t a given poir_]t
p ) = instantaneous x-acceleration at that point.
1
Vix
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2.13 (a) Thevye graph of the motion of a different particle from that shown in Fig.(218\ motion diagram
showing the position, velocity, and acceleration of the particle at each of the times labeled,@gtiaph.

(a) vt graph (b) Particle’s motion
\Y a
x Slope zero: a= 0 =0 \Y X Particle is at X6 0, moving in -x-direction (y 6 0),
c AT 0 and slowing down (vand g have opposite signs).
a
Particle is at X6 0, instantaneously at rest (¢ 0), and
0 B D ¢ L v=0 0 X about to move in +x-direction (& O0).
¢ as= Ov x Particle is at X7 0, moving in +x-direction (y 7 0);
A Slope positive: E c 0 its speed is instantaneously not changing<20).
a, 70
a
e Particle is at X7 0, instantaneously at rest (¢ 0), and
Slope negative:
2 6 g to 0 v = OX about to move in -x-direction (a6 0).
X
a
¢ v X Particle is at X7 0, moving in -x-direction (y 6 0),
E 0 and speeding up (and g have the same sign).

r On axt graph, the slope of the tangent at any point equals the particle’s acceleration at that point.
rThe steeper the slope (positive or negative), the greater the particle’'s acceleration in the positive or negative x-direction.

That is,ay is the second derivative of x with respect.tdtie second derivative
of any function is directly related to the concawtycurvatureof the graph of
that function Fig. 2.14. At a point where the xgraph is concave up (curved
upward), such as point A or E in Fig. 2.14a, Haeceleration is positive angis
increasing. At a point where the xptaph is concave down (curved downward),
such as point C in Fig. 2.14a, th@occeleration is negative angdis decreasing.
At a point where the xgraph has no curvature, such as the inflection points B
and D in Fig. 2.14a, theacceleration is zero and the velocity is not changing.
Examining the curvature of artxgraph is an easy way to identify the safn
acceleration. This technique is less helpful for determining numerical values of
acceleration because the curvature of a graph is hard to measure accurately.

TEST YOUR UNDERSTANDING OF SECTION 2.3 Look again at thegraph

in Fig. 2.9 at the end of Section 2.2. (a) At which of the poin@ R, and Ss the
x-acceleratioru, positive? (b) At which points is theacceleration negative? (c) At

which points does theacceleration appear to be zero? (d) At each point state whether
the velocity is increasing, decreasing, or not changing.

2.14 (a) The same=% graph as shown in Fig. 2.8a) A motion diagram showing the position, velocity, and
acceleration of the particle at each of the times labeled onttheaph.

(a) x-t graph (b) Particle’s motion
Slope zero:y= 0
Curvature downward:,a6 0 a o o o
. v Particle is at X6 0, moving in +x-direction
X c Slope negative: ¢ = o X (v 7 0) and speeding up,(@nd g have the
V6 0 " 0 same sign).
D gu;va(;ture upward: a=0 v Particle is at x= 0, moving in +x-direction
x tg 0 X (% 7 0); speed is instantaneously not
B E a changing (@ = 0).
0 t v=0 Particle is at X7 0, instantaneously at rest
Slope negative:v6 0 tc 0 - X (v = 0) and about to move in -x-direction
Curvature zero:a= 0 (ax 6 0).
Slope positive: y 7 0 va=0 Particle is at X7 0, moving in -x-direction
A Curvature zero:,a= 0 tp 0 X (v 6 0); speed is instantaneously not
a changing (g = 0).
Slope positive: ¥ 7 0 v Particle is at X7 0, moving in -x-direction
Curvature upward:,a7 0 te 0 X (v 6 0) and slowing down (vand g have

opposite signs).
r On antxgraph, the curvature at any point tells you the particle’s acceleration at that point.
rThe greater the curvature (positive or negative), the greater the particle’s acceleration in the positive or negative x-direction.
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2.4 MOTION WITH CONSTANT ACCELERATION 2.15 A motion diagram for a particle

moving in a straight line in the positive

The simplest kind of accelerated motion is straight-line motion with constff{réction with constant positive
. . . x—acﬁ:eleratlorux.
acceleration. In this case the velocity changes at the same rate throughout the

motion. As an example, a falling body has a constant acceleration if the effects If a particle moves in a
of the air are not important. The same is true for a body sliding on an incline or straight line with constant

. . . a x-acceleration a...
along a rough horizontal surface, or for an airplane being catapulted from the &

deck of an aircraft carrier. t=0 0 . %
. . . . . .. . ... the x-velocity changes

Figure 2.15is a motion diagram showing the position, velocity, and accelera- by equal amounts in equal
tion of a particle moving with constant acceleration. Figures 2.1&atittepict 2 time intervals.
this same motion in the form of graphs. Since Haeoceleration is constant, the - v X
a, (€ graph (graph of xacceleration versus time) in Figure 2.16 is a horizontal line. 0 a
The graph of welocity versus time, ov(¢ graph, has a constant slopecause - ,¢ v X
the acceleration is constant, so this graph is a straight line (Fig. 2.17). 0 a

When the xacceleration is constant, the averageagceleratior,,g for any ; - 3¢ v X
time interval is the same ag. This makes it easy to derive equations for the 0 a
positionx and the welocity v, as functions of time. To find an expressionvar  _ 4, Voo
we first replaces,g in Eq. (2.4) bya,: 0

However, the position changes by different
a = Vox = Vix 2.7) amounts in equal time intervals because the
X -t ’ velocity is changing.

Now we lett; = 0 and lett, be any later time. We use the symbaly, for the
initial x-velocity at timet = 0; the xvelocity at the later timeis v,. Then Eq. (2.7)

becomes
Ve - v 2.16 An acceleration-timéa,@ graph of
a, = x Ox or straight-line motion with constant positive
t-0 x-acceleration,.

x-velocity at time t of x-velocity of the particle at time 0 Constant x-acceleration,-agraph

a particle with _ is a horizontal line (slope 0).

constant x-acceleration Ve = Vox + &t (2.8)

Constant x-acceleration of the particle Time a,

In Eq. (2.8) the terma,t is the product of the constant rate of change of

x-velocity, a,, and the time interval fTherefore it equals the totahange in t
x-velocity fromt = 0 to time t The xvelocity v, at any time t then equals the © t
initial x-velocity vo, (att = 0) plus the change invelocity a,t (Fig. 2.17). Area under gt graph = vy - V g

. . . . = ch in x-velocity f ti Ototi t.
Equation (2.8) also says that the changemlacity v, - v, Of the particle change ievelocty from fime B 1o time

betweert = 0 and any later time t equals the argader thea,(c graph between

those two times. You can verify this from Fig. 2.16: Under this graph is a rect

angle of vertical sidey, horizontal side,tand areat. From Eq. (2.8) the area

ad is indeed equal to the change in velogify- voy. In Section 2.6 we'll Show , 17 A velocity-time 1v,@ graph of

that even if the sacceleration is not constant, the change-¥elacity during a straight-line motion with constant positive
time interval is still equal to the area underalye curve, although then Eg. (2.8)x-acceleration. The initial xvelocity vo,
does not apply. is also positive in this case.

Next we'll derive an equation for the position x as a function of time when the Constant During time
x-acceleration is constant. To do this, we use two different expressions for the ay x-acceleration: interval t, the
eragex-velocity va,q during the interval front = 0 to any later time.tThe first v, Zﬁ;?ﬁpl?ns & x-velocity changes
expression comes from the definition\gfa; Eq. (2.2), which is true whether gniine. - bywe-voc= at

or not the acceleration is constant. We call the position atttime@ the initial e\e<e>\\°
position denoted byg. The position at time t is simply Xhus for the time in- _ $«a°° at
terval t =t - Othe displacementisx = x - xg, and Eq. (2.2) gives oot Vy
Vox
X - X
Vae (2.9) Yoo
o) t

To find a s_econd express_ion .fm;;\,@, note that t_he—xelocity changes at & Total area underyt graph= x - X
constant rate if the-acceleration is constant. In this case the averagogity = change in x-coordinate from time 0 to time t.
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PhET:Forces in 1 Dimension

Application Testing Humans at
High Accelerations In experiments
carried out by the U.S. Air Force in the 1940s
and 1950s, humans riding a rocket sled could
withstand accelerations as great as 440sh
The first three photos in this sequence show
Air Force physician John Stapp speeding up
from rest to188 nps (678 knrh = 421 mph)
in just 5 s. Photos 4-6 show the even greater
magnitude of acceleration as the rocket sled
braked to a halt.

PhET:The Moving Man

2.18 (a) Straight-line motion with con-
stant acceleratiorgb) A position-timelx@
graph for this motion (the same motion as
is shown in Figs. 2.15, 2.16, and 2.17). For
this motion the initial positiong, the

initial velocity vy, and the acceleraticsg
are all positive.

for the time interval from O to t is simply the average of tivelgcities at the
beginning and end of the interval:

Vav@y= %(VOX + v,) (constank-acceleration only) (2.10)
[Equation (2.10) is natrue if the xacceleration varies during the time interval]
We also know that with constaxdacceleration, the-welocity v, at any time is
given by Eqg. (2.8). Substituting that expression/fanto Eqg. (2.10), we find

-1
Vavax= 2Vox + Vox + axt2 (constant

x-acceéeration only) (2.1

= Vox + 3ayt
Finally, we set Egs. (2.9) and (2.11) equal to each other and simplify:

X- X

1 —
Vox t 2axt - t

or

Position of the particle at time O
Position at time t of a 1
particle Wlth constant X=X+ VOxt + 2axt
x-acceleration

x-velocity of the particle at time 0

Time

(2.12)

Constant x-acceleration of the particle

Equation (2.12) tells us that the particle’s position at time t is the sum of three
terms: its initial position at = 0, X, plus the displacementyt it would have if

its x-velocity remained equal to its initial value, plus an additional displacement
%axt2 caused by the change itvedocity.

A graph of Eq. (2.12)—that is, antxgraph for motion with constant
x-acceleration(Fig. 2.18a}—is always aparabola. Figure 2.18b shows such a
graph. The curve intercepts the vertical axiaXis) atxy, the position at = 0.
The slope of the tangentat 0 equalsvgy, the initial xvelocity, and the slope
of the tangent at any time t equals theebocity v, at that time. The slope and
x-velocity are continuously increasing, so thacceleratiomn, is positive and
the graph in Fig. 2.18b is concave up (it curves upward). if negative, the-t
graph is a parabola that is concave down (has a downward curvature).

If there is zeroacceleration, the-ixgraph is a straight line; if there is a constant
x-acceleration, the additioné\ahxt2 term in Eq. (2.12) for as a function of turves
the graph into a parabola (Fig. 2.198)milarly, if there is zero-acceleration,
the vy graph is a horizontal line (thevelocity is constant). Adding a constant
x-acceleration in Eq. (2.8) gives a slope to the graph (Fig. 2.19b).

Here’s another way to derive Eq. (2.12). Just as the changeelacity of the
particle equals the area under ghe graph, the displacement (change in position)
equals the area under thge graph. So the displacement xg of the particle
betweert = 0 and any later time t equals the area undewtlaegraph between

(a) A race car moves in the x-direction
with constant acceleration.

(b) The x-t graph

X

Vy = Vox + at
X Slope = v,
During time interval t,

the x-velocity changes

Constant x-acceleration:
x-t graph is a parabola.

by vy - Vo = at.
Vox % Slope = vp,
Xo
t
(e} o t
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(a) An x-t graph for a particle moving with (b) The vt graph for the same particle 2.19 (a) How a constant-acceleration
positive constant x-acceleration affects a particle’sa) x-t graph and
Graph for constant x-acceleration: Graph for constant x-acceleration: (b) vy@ graph.
X=X+ VOxt + ;axtz Vx Vx = Vox * axt

The effect of
x-acceleration:

2at? The added velocity
due to x-acceleration:
Graph for zero v at
X0 i—eiccelfiratio;w: * Graph for zero x-acceleration:
- % Vox Vx = Vox t
O (0]

those times. In Fig. 2.17 we divide the area under the graph into a dark-colored
rectangle (vertical side,, horizontal side, tand areag,t) and a light-colored right
triangle (vertical sideagd, horizontal side,tand ared 1at212 = ;agt?). The

total area under thg(c graphisx - xg = vgt + %axtz, in accord with Eq. (2.12).

The displacement during a time interval is always equal to the area under the
vy curve. This is true even if the acceleration is eaistant, although in that
case Eg. (2.12) does not apply. (We'll show this in Section 2.6.)

It's often useful to have a relationship for positiorvelocity, and (constant)
x-acceleration that does not involve time. To obtain this, we first solve Eq. (2.8)
for t and then substitute the resulting expression into Eq. (2.12):

_ Vx © Vox
ay
Vx - Vx - Vox 2

Xo + Vox@ Yoy 4 1aa b
Ox a, 29 a,

X

We transfer the termy to the left side, multiply through Ba,, and simplify:
281X - Xp2 = 2VgxVx - 2VOx2 + sz - 2ugcVy t V()x2
Finally,

) ) x-velocity of the particle at time O
x-velocity at time t of

a particle with 2 — 2 _
P OV = Voo t 280X - X2 (2.13)
constant x-acceleration
Constant x-acceleration Position of the Position of the
of the particle particle attime t  particle at time O

We can get one more useful relationship by equating the two expressions for
Vavas EQS. (2.9) and (2.10), and multiplying through by t

Position at time t of Position of the particle at time 0 Time

. ; .
20?1112?? xv—vallt:celeration " Xo = 2lVox + WA (2.14)
x-velocity of the particle at time 0 x-velocity of the particle at time t
Note that Eq. (2.14) does not contain the&ckeleratioru,. This equation can be Equations of Motion with
handy wherw, is constant but its value is unknown. TABLE 2.4 Constant Acceleration
Equations (2.8), (2.12), (2.13), and (2.14) are the equations of motion with Includes
constant acceleratio(iTable 2.4) By using these equations, we can solve angquation Quantities
problem involving straight-line motion of a particle with constant acceleration, _ ]
Vy = Voy + &yt (2.8) t Vy dy

For the particular case of motion with constardaceeleration depicted in
Fig. 2.15 and graphed in Figs. 2.16, 2.17, and 2.18, the valugsf, anday
are all positive. We recommend that you redraw these figures for cases in VM’iIChVOX * 2%
one, two, or all three of these quantities are negative. X- X = gt 2 (2.14) T X vy

=X Vot Faat? (212) t X ey
Ix - %2 (2.13) X Vg 8y
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PROBLEM-SOLVING STRATEGY 2.1 MOTION WITH CONSTANT ACCELERATION

IDENTIFYthe relevant conceptsn most straight-line motion preb of the known quantities, and decide which of the unknowns are
lems, you can use the constant-acceleration equations (2.8), (2.12Jhe target variables. Make note of the absefi@y of the quan
(2.13), and (2.14). If you encounter a situation in which the aceelera tities that appear in the four constant-acceleration equations.
tionisn't constant, you'll need a different approach (see Section 2.4). Use Table 2.4 to identify the applicable equations. (These are
often the equations that don't include any of the absent quantities

SET Urthe problem using the following steps: that you identified in step 3.) Usually you'll find a single equation

1. Read the problem carefully. Make a motion diagram showing . - :
. - . ) .2 that contains only one of the target variables. Sometimes you must
the location of the particle at the times of interest. Decide

here 1o bl th iain of dinat d which axis di find two equations, each containing the same two unknowns.
)[/yor?rse %s[,)'tacee |t'seo?trele?:r;1:| (f:O|0tro ml:cistﬁg a\;vrt'lccle Zi(ltielcr)(reg' Sketch graphs corresponding to the applicable equations. The
lon 1S postive. ptuttop parti : Vi@ graph of Eq. (2.8) is a straight line with slage The x@

g:p aiitlgnet t: r(r)1; ttfi‘enlro ; tO.r\r(noil:lr chtohlce of tl?l\? pgisrltlvtei iX'sf ; graph of Eq. (2.12) is a parabola that's concave apif post
ection automatically dete s the posiive GIrections 10T e and concave down ¥, is negative.

x-velocity and xacceleration. If x is positive to the right of the . . . .
L o . 6. On the basis of your experience with such problems, and taking

origin, thenv, anday are also positive toward the right.

. . " . . . account of what your sketched graphs tell you, make any-quali

2. fcir:atllgart?gng)hiﬁ;ta;s:::r“ffzg?((ezs. 8;0 O(Sz't'loz';s(zv ig?'giz énf 4)tative and quantitative predictions you can about the solution.
and assign them appropriate symbo|stgx vy, vgy, anday, or
symbols related to those. Translate the prose into phygiteer
does the particle arrive at its highest point” means “What is t
value of twhen xhas its maximum value?” In Example 2.4
“Where is he when his speedd5 nPs? means “What is the
value of xwhenvy, = 25 nPs? Be alert for implicit information.
For example, “A car sits at a stop light” usually means= 0. EVALUATEYour answer:Take a hard look at your results to see

3. List the quantities such as x, vy, Vox @, and t Some of them whether they make sense. Are they within the general range of
will be known and some will be unknown. Write down the valueglues that you expected?

EXECUTEthe solution:If a single equation applies, solve it for the
F]arget variable, using symbols artlyen substitute the known val
U&s and calculate the value of the target variable. If you have two
equations in two unknowns, solve them simultaneously for the tar
get variables.

CONSTANT-ACCELERATION CALCULATIONS

NOILNT0S

A motorcyclist heading east through a small town acceleratéq. (2.12) and thewelocity v, at this time by using Eg. (2.8):
at a constant.0 ns? after he leaves the city limit§ig. 2.20.

At timet = 0 he is 5.0 m east of the city-limits signpost while
he moves east a5 n¥s. (a) Find his position and velocity at = 5.0m+ 115 nP212.0 L + 3 14.0 nPs?212.0 &
t = 2.0 s (b) Where is he when his spee@&nps? 43 m

Vox + ayt
15 nPs + 14.0 nps212.0 = 23 s

X = X + Vot + 3a,t?

Vx
SOLUTION
IDENTIFY and SET UP:The x-acceleration is constant, so we can
use the constant-acceleration equations. We take the signpost ad) We want to find the value of whenvy = 25 n®s, but
the origin of coordinatedx = 02 and choose the positiveaxis We don't know the time when the motorcycle has this velocity.
to point east (see Fig. 2.20, which is also a motion diagram). THble 2.4 tells us that we should use Eg. (2.13), which involves
known variables are the initial position and velocigy,= 5.0 m X, Vx, @anday but does noinvolve t
andvg, = 15 rrPs,_and the acceleratiom, = 4.0 n#s’. The uR V2 = vg2 + 280X - Xg2
known target variables in part (a) are the values of the position x
and the wvelocity vy att = 2.0 s the target variable in part (b) is Solving for x and substituting the known values, we find
the value of x whem, = 25 ns.

2 2
Vx - Vox
EXECUTE:(@) Since we know the valuesxf vgy, anday, Table 2.4 X=X+ 2a.
tells us that we can find the position x tat 2.0 ¢ by using X
125 mps2?? - 115 s
=50m+ =55m
2.20 A motorcyclist traveling with constant acceleration. 214.0 nps2
3 = 4.0ms’ EVALUATE:You can check the result in part (b) by first using

osace Eg. (2.8),vy = vox + a, to find the time at whichky, = 25 s,

which turns out to be £ 2.5 s. You can then use Eq. (2.12),

X = X+ Vgt + 38,42, to solve for x You should findx = 55,

om Xx= 7 the same answer as above. That's the long way to solve the problem,

5
0 t=20s though. The method we used in part (b) is much more efficient.

Vox = 15 m>s

<
x
1
D

o %o X (east)
t
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TWO BODIES WITH DIFFERENT ACCELERATIONS

NOILN10S

A motorist traveling at a constabb nmps (about34 mph) passes a Both vehicles have the sameasordinate at twéimes, as Fig. 2.21b
school crossing where the speed limilsmPs (about22 mih).  indicates. At = 0 the motorist passes the officer;tat 10 < the
Just as the motorist passes the school-crossing sign, a police offieer passes the motorist.
cer on a motorcycle stopped there starts in pursuit with constantb) We want the magnitude of the officersedocity vp, at the
acceleration3.0 mbs® (Fig. 2.213. (@) How much time elapsestimet found in part (a). Substituting the valuessgf, andagp, into
before the officer passes the motorist? At that time, (b) what is g (2.8) along withh = 10 < from part (a), we find
officer's speed and (c) how far has each vehicle traveled?

Vpy = Vpg + apt = 0 + 13.0 mps?2110 £ = 30 s

SOLUTION The officer's speed is the absolute value of this, which is also

IDENTIFY and SET UP:Both the officer and the motorist move30

with constant acceleration (equal to zero for the motorist), so we

can use the constant-acceleration formulas. We take the origin at — — —

the sign, saxy = 0 for both, and we take the positive direction to X = Vuoxt = 115 2110 2 = 150 m

the right. Letxp andxy represent the positions of the police -0ffi 3ng the officer travels

cer and the motorist at any time. Their initial velocitiesvagg = 0

and vyox = 15 s, and their accelerations aggy = 3.0 nbs’ Xp = 3apt? = 313.0 nP2110 €2 = 150 m

andayy, = 0. Our target variable in part (a) is the time when the

officer and motorist are at the same positipiiable 2.4 tells us This verifies that they have gone equal distances after 10 s.

that Eq. (2.12) is useful for this part. In part (b) we'll use Eg. (2.8) to

find the officer's speed (the magnitude of her velocity) at theeyaLUATE:Our results in parts (a) and (c) agree with our estimates

time found in part (a). In part (c) we'll use Eq. (2.12) again to fifgom our sketch. Note that when the officer passes the motor

the position of either vehicle at this same time. ist, they do nohave the same velocity: The motorist is moving
Figure 2.21b shows axe graph for both vehicles. The straighiat 15 nbs and the officer is moving at 30>, You can also see

line represents the motorist's motiofy, = Xwmo + Vmoxt = Vmoxl-  this from Fig. 2.21b. Where the twae curves cross, their slopes

The graph for the officer's motion is the right half of a parabofaqual to the values of, for the two vehicles) are different.

(c) In 10 s the motorist travels a distance

with upward curvature: Is it just coincidence that when the two vehicles are at the
_ 1o 1 2 same position, the officer is going twice the speed of the motorist?
Xp = Xpo + Vpod + z8pd° = Zapd Equation (2.14)x - Xy = 31vo, + W&, gives the answer. The

motorist has constant velocity, 8Qox = Vmx, and the motorist’s
aci%%lacemenk - xg in time tis vyxl. Becauserpy = 0, in the
same time tthe officer's displacement i%vpxt. The two vehicles
have the same displacement in the same amount of time, so
Vot = %Vpxt and vp, = 2vyo—that is, the officer has exactly

EXECUTE:(@) To find the value of the timeat which the motorist y\ice the motorist's velocity. This is true no matter what the value
and police officer are at the same position, weset xy by equat ¢ ihe officer’s acceleration.

ing the expressions above and solving that equation for t

A good sketch shows that the officer and motorist are at the s
position Ixp = X2 at aboutt = 10 ¢, at which time both have
traveled about 150 m from the sign.

_1, .2
Vimoxt = 28pxt

2.21 (a) Motion with constant acceleration overtaking motion with constant velocity. (b)

(b) A graph of x versus t for each vehicle.
The police of cer and motorist

meet at the time t where their
x(m) x-t graphs cross.

@ 160
Police of cer: initially at rest, 120 )
! . . Motorist
scrool constant x-acceleration Motorist: constant x-velocity 20
apy, = 3.0 m>% Vmox = 15 m>s 40
Of cer
X t(s)

o) Xp Xm (0] 2 4 6 8 10 12
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2.22 Multiflash photo of a freely falling
ball.

rThe average velocity in each time interval is
proportional to the distance between images.
rThis distance continuously increases, so the
ball's velocity is continuously changing; the
ball is accelerating downward.

PhET:Lunar Lander

DATA SPEAKS

Free Fall

When students were given a problem
about free fall, more than 20% gave an
incorrect answer. Common errors:

Confusing speed, velogit and accel-
eration. Speed can never be negative;
velocity can be positive or negative,
depending on the direction of motion.
In free fall, speed and velocity change
continuously but acceleration (rate

of change of velocity) is constant and
downward.

Not realizing that a freely falling body
that moves upward at a certain speed
past a point will pass that same point at
the same speed as it moves downward
(see Example 2.7).

TEST YOUR UNDERSTANDING OF SECTION 2.4  Four possimige graphs are
shown for the two vehicles in Example 2.5. Which graph is correct?

() (b) (© (d)
VX VX v)( VX
Motorist

Motorist Motorist Motorist

Of cer Of cer Of cer
Ofcer (9 £ t(9 t(9

(0] 10 O 10 O 10 @] 10

2.5 FREELY FALLING BODIES

The most familiar example of motion with (nearly) constant acceleration is
a body falling under the influence of the earth’s gravitational attraction. Such
motion has held the attention of philosophers and scientists since ancient times.
In the fourth century .., Aristotle thought (erroneously) that heavy bodies fall
faster than light bodies, in proportion to their weight. Nineteen centuries later,
Galileo (see Section 1.1) argued that a body should fall with a downware accel
eration that is constant and independent of its weight.

Experiment shows that if the effects of the air can be ignored, Galileo is right;
all bodies at a particular location fall with the same downward acceleration,
regardless of their size or weight. If in addition the distance of the fall is small
compared with the radius of the earth, and if we ignore small effects due to
the earth's rotation, the acceleration is constant. The idealized motion that
results under all of these assumptions is called free d#though it includes
rising as well as falling motion. (In Chapter 3 we will extend the discussion of
free fall to include the motion of projectiles, which move both vertically and
horizontally.)

Figure 2.22is a photograph of a falling ball made with a stroboscopic light
source that produces a series of short, intense flashes at equal time intervals. As
each flash occurs, an image of the ball at that instant is recorded on the photo
graph. The increasing spacing between successive images in Fig. 2.22 indicates
that the ball is accelerating downward. Careful measurement shows that the
velocity change is the same in each time interval, so the acceleration of the freely
falling ball is constant.

The constant acceleration of a freely falling body is called the acceleration
due to gravity, and we denote its magnitude with the letteég will frequently
use the approximate value of g at or near the earth’s surface:

g = 9.80 M = 980 cnrs? = 32.2 fo? (approximate value near the
' ' eath’s surface)

The exact value varies with location, so we will often give the value of g at the
earth’s surface to only two significant figuresga® nbs?. On the moon’s surface,

the acceleration due to gravity is caused by the attractive force of the moon rather
than the earth, angl = 1.6 n#s. Near the surface of the sup= 270 nes.

g is always a positive numbeBecause is the magnitudef a \ector quan
tity, it is always gositivenumber. If you take the positive direction to be upward, as we do
in most situations involving free fall, the acceleration is negative (downward) and equal to
- y. Be careful with the sign of, @r you'll have trouble with free-fall problems.

In the following examples we use the constant-acceleration equations devel
oped in Section 2.4. Review Problem-Solving Strategy 2.1 in that section before
you study the next examples.
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1LNT10S

A FREELY FALLING COIN

NO

A one-euro coin is dropped from the Leaning Tower of Pisa afat the coin. The motion is vertical, so we use a vertical ceordi
falls freely from rest. What are its position and velocity after 1.0sate axis and call the coordinate y instead. &/& take the ori

2.0s,and 3.0s? gin O at the starting point and the upwattfection as positive.
Both the initial coordinatgy and initial yvelocity vg, are zero.
SOLUTION The y-acceleration is downward (in the negativéigection), so

. =-g=-9. . (Remember that, finition, g i
IDENTIFY and SET UP:“Falls freely” means “falls with constant & 9 9.8 s”. (Remember that, by definition, g is a pos

. . itive quantity.) Our target variables are the values of ret
acceleration due to gravity,” so we can use the constant—accelerat%on q y) g Yy

. . - . ) ) e three given times. To find these, we use Egs. (2.12) and (2.8)
equations. The right side of Fig. 2.2Bows our motion diagram with x replaced by.yOur choice of the upward direction as posi

223 A coin freely falling from rest. tive means that all positions and velocities we calculate will be
negative.

EXECUTE:At a time t after the coin is dropped, its position and
y-velocity are

Y = Yo + Vot + a2 = 0+ 0 + 31- g% = 1- 4.9 mps’2?

Voy + ayt = 0 + 1- g2t = 1- 9.8 ms’2t

Vy

Whent = 1.0s y = 1- 49 ms211.0 & = - 49 m and vy =
1- 9.8 mPs?211.0 £ = - 9.8 nbs; after 1.0 ¢, the coin is4.9
below the origin ¥ is negative) and has a downward velooiyig
negative) with magnitud®.8 nes.

We can find the positions anévglocities at 2.0 s and 3.0 s in
the same way. The results are= - 20 m andvy, = - 20 ns at
t=20sandy = - 44mandvy = - 29 mPsatt = 3.0s

EVALUATE:AIl our answers are negative, as we expected. If we
had chosen the positiveaxis to point downward, the acceleration

would have beem, = +g and all our answers would have been

positive.

UP-AND-DOWN MOTION IN FREE FALL

NOILNT0S

You throw a ball vertically upward from the roof of a tall build 2.24 Position and velocity of a ball thrown vertically upward.
ing. The ball leaves your hand at a point even with the roof raili

"Bhe ball actuall traight up and y
with an upward speed 45.0 n®s; the ball is then in free fall. On © T ac S MOVES Sraght tp an

then straight down; we show

its way back down, it just misses the railing. Find (a) the ball'g y-shaped path for clarity. w=0
position and velocity 1.00 s and 4.00 s after leaving your hand; y= 7)
(b) the ball's velocity when it is 5.00 m above the railing; (c) the t=100sy="7 y=-
maximum height reached; (d) the ball's acceleration when it is at
its maximum height. t=2y=7? ,_, y =5.00m
v, = ?
t =0,y = 15.0m>s y
SOLUTION % y=0

IDENTIFY and SET UP:The words “in free fall” mean that the

acceleration is due to gravity, which is constant. Our target vari

ables are position [in parts (a) and (c)], velocity [in parts (a) and (b)], _

and acceleration [in part (d)]. We take the origin at the point . 0.80 m>2
where the ball leaves your hand, and take the positive direction to

be upward Fig. 2.24. The initial positionyg is zero, the initial

y-velocity vgy is +15.0 n®s, and the yacceleration isy, = -y = y=72
- 9.80 m<2. In part (a), as in Example 2.6, we'll use Egs. (2.12) t=4.00s
and (2.8) to find the position and velocity as functions of time. W=7

In part (b) we must find the velocity at a given posit{po time
is given), so we'll use Eg. (2.13). Continued
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2.25 (a) Position andb) velocity as functions of time for a ball  (vy is negative) with a speed 2#.2 n¥s. Equation (2.13) tells us
thrown upward with an initial speed of 15.0sn that the ball is moving at the initidl5.0@>s speed as it moves
downward past the launching point and continues to gain speed as

(a) y-t graph (curvature is (b) vyt graph (straight line with )
downward becausg & -g negative slope becausg a -g it descends furthgr. N o _
is negative) is constant and negative) (b) The yvelocity at any position y is given by Eq. (2.13) with
" (m>3 X's replaced by’g:
y{m _ v, (m>
Before t= 1.53 s th y
15 pallmoves upward, 15 Before t= 153 vy = Voy® + 23y - Y2 = Vo, + 21- 21y - 02
he y-velocity i
10 Aftert = 1535 10 e EOe S = 115.0 ms? + 21- 9.80 M’y
the ball moves ¢ ' ) o
5 downward. When the ball is 5.00 m above the origin we hawe +5.00 m so
t
0 t(s) ° 12 34 ® v = 115.0 ms2 + 21- 9.80 mks215.00 n® = 127 n>s
I -5 Aftert = 1.53 s _
5 -10 the y-velocity is Wy = { 11.3 s
-10 15 negative. We get twovalues ofv, because the ball passes through the point
15 20 y = +5.00 n twice, once on the way up (s is positive) and

once on the way down (39 is negative) (see Figs. 2.24 and 2.25a).
-20 -25 (c) At the instant at which the ball reaches its maximum height
y1, its yvelocity is momentarily zeras, = 0. We use Eqg. (2.13) to

Figure 2.25 shows thge andv,@ graphs for the ball. Thee find y;. Withvy = 0,y = 0,anday = -y, we get

graphis afzoncave-down parqbola thgt risgs and then falls, and the 0= V0y2 +21- @21y - 02
vy graph is a downward-sloping straight line. Note that the ball's
velocity is zero when it is at its highest point. V0y2 115.0 n¥s2?
o ) ] ] y1 = = = +115m
EXECUTE:(@) The position and-yelocity at time t are given by ! 29 219.80 ms?2
Egs. (2.12) and (2.8) withsxreplaced by 'y:
_ 1.0 _ 1q_ o2 d) A free-fall misconceptioiit's a common mis
Y= Yo+ Vot + 2317 = Yo + Vgt + 21- g2 coneption that at the highest point of free-fall motion, where the
= 102 + 115.0 n¥s2t + ;1- 0.80 22 velocity is zero, the acceleration is also zero. If this were so, once
_ +at= . the ball reached the highest point it would hang there suspended in
W = Voy T &l = Voy 9 midairl Remember that acceleration is the rate of change of-veloc

15.0 nPs + 1- 9.80 mps22t ity, and the ball's velocity is continuously changing. At every point,
including the highest point, and at any velocity, including zero, the

When t = 1.00s these equations givey = +10.1m and acceleration in free fall is always = -y = - 9.80 mrs?.

vy = +5.2 s, That is, the ball is 10.1 m above the origynig

positive) and moving upwardv( is positive) with a speed of EVALUATE:A useful way to check any free-fall problem is to draw

5.2 n®s. This is less than the initial speed because the ball slothe y-t andvy@ graphs, as we did in Fig. 2.25. Note that these are

as it ascends. When= 4.00 s those equations giwe= - 18.4 m  graphs of Egs. (2.12) and (2.8), respectively. Given the initial position,

andvy = - 24.2 mrs. The ball has passed its highest point and isitial velocity, and acceleration, you can easily create these graphs

18.4 m belowthe origin § is negative). It is moving downward by using a graphing calculator or an online mathematics program.

TWO SOLUTIONS OR ONE?

NOILN10S

At what time after being released has the ball in Example ZXECUTEWe rearrange the equation so that it has the standard form
fallen 5.00 m below the roof railing? of a quadratic equation for an unknowm? + Bx + C = 0O:

13022 + 1-vp2t + Iy - 2= A + Bt + C=0

SOLUTION By comparison, we identifA = %g, B=-vy,andC =y - y,.
IDENTIFY and SET UP:We treat this as in Example 2.7, %o voy, The quadratic formula (see Appendix B) tells us that this equation
anda, = - y have the same values as there. Now, however, s twasolutions:
target variable is the time at which the ball isyat - 5.00 m
The best equation to use is Eq. (2.12), which gives the positionyas | _ - B{ 2B?- 4AC

a function of time:t 2A
-1-vg2{ 2 1- v - 415921y - yp2
21392

Y = Yo + Vot + zat? _

= Yo + Voyt + 31- g2

2 - -
This is a quadratiequation for twhich we want to solve for the _ Vo { 2o - 201y - yp2
value of t whery = - 5.00 m g
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Substituting the valueg = 0,vo, = +15.0 s,y = 9.80 ms2, Repeat these calculations to find the times when the ball is
andy = - 5.0C m, we find 5.00 m abovehe originly = +5.00 n2. The two answers are
t = +0.38 andt = +2.68 s Both are positive values of and
15.0ms2{ 2 115.0 ms2 - 219.80 mps?21- 5.00 m- 02  both refer to the real motion of the ball after leaving your hand.
t= 9.80 m<2 At the earlier time the ball passes throughk +5.00 n mow
ing upward; at the later time it passes through this point moving

You can confirm that the numerical answers are +3.36_s downward. [Compare this with part (b) of Example 2.7, and again
andt = - 0.30 « The answet = - 0.30 « doesn't make physical (ofer 1o Fig. 2.25a]

sense, since it refers to a time beftme ball left your hand at  vq, should also solve for the times whgre +15.0 m In

t = 0. So the correct answertis= +3.36 « this case, both solutions involve the square root of a negative
EVALUATE:Why did we get a second, fictitious solution? The exiumber, so there are meal solutions. Again Fig. 2.25a shows
planation is that constant-acceleration equations like Eq. (2.12) ¥hy: we found in part (c) of Example 2.7 that the ball's maximum
based on the assumption that the acceleration is constant folgight isy = +11.5m so it nevereaches = +15.0 m While

values of time, whether positive, negative, or zero. Hence the 8gAuadratic equation such as Eg. (2.12) always has two solutions,
lution't = - 0.30 « refers to an imaginary moment when a freel{) SOme situations one or both of the solutions aren't physically

falling ball was 5.00 m below the roof railing and rising to meégasonable.
your hand. Since the ball didn't leave your hand and go into free
fall until t = 0, this result is pure fiction.

TEST YOUR UNDERSTANDING OF SECTION 2.5 If you toss a ball upward with

a artain initial speed, it falls freely and reaches a maximum height h a time t after it

leaves your hand. (a) If you throw the ball upward with double the initial speed, what
new maximum height does the ball reacht{i)2; (i) 2h; (iii) 4h; (iv) 8h; (v) 16h.

(b) If you throw the ball upward with double the initial speed, how long does it take to
reach its new maximum height? €8; (ii) t>1 2; (iii) t; (iv) t1 2; (v) 2.

2.6 VELOCITY AND POSITION BY INTEGRATION

This section is intended for students who have already learned a little integral
calculus. In Section 2.4 we analyzed the special case of straight-line motion
with constant acceleration. Whaygis not constant, as is frequently the case, the
equations that we derived in that section are no longer \FfidZ.26. But even
whenay varies with time, we can still use the relationship= dx=dt to find the
x-velocity v, as a function of time if the position x is a known function of time.
And we can still usa, = dv,>dt to find the xacceleratiors, as a function of
time if the xvelocity vy is a known function of time.

In many situations, however, position and velocity are not known functions of
time, while acceleration i$-{g. 2.27. How can we find the position and velocity
in straight-line motion from the acceleration functagit?”

2.26 When you push a car’s accelerator pedal to the floor- 2.27 The inertial navigation system (INS) on board a
board, the resulting acceleration is sohstant: The greater long-range airliner keeps track of the airliner’s accelera
the car’s speed, the more slowly it gains additional speed. A tion. Given the airliner’s initial position and velocity before
typical car takes twice as long to accelerate fs@hkn+h takeoff, the INS uses the acceleration data to calculate the

to 100 kn#h as it does to accelerate from 6@ knh. airliner’s position and velocity throughout the flight.
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2.28 An ay¢ graph for a body whose
x-acceleration is not constant.

Area of this strip= v
= Change in x-velocity
during time interval t

af:\V-)(

o t
t t
1 ¢ 2
Total area under the x-t graph fropmd t,
= Net change in x-velocity from to t,

Figure 2.28is a graph ofacceleration versus time for a body whose acceler
ation is not constant. We can divide the time interval between tiraeslt, into
many smaller subintervals, calling a typical orteLet the average-acceleration
during t beaya, From Eqg. (2.4) the change irvelocity v, during tis

Vy = aguax t

Graphically, vy equals the area of the shaded strip with heigl and width
t—that is, the area under the curve between the left and right sidesTdie

total change in-xelocity fromy, tot, is the sum of the-xelocity changes vy in

the small subintervals. So the totaletocity change is represented graphically

by the totalarea under theyc curve between the vertical linesandt. (In

Section 2.4 we showed this for the special case in wichconstant.)

In the limit that all the t>s become very small and they become very large in
number, the value af,,q for the interval from any time t to+ t approaches
the instantaneousacceleratiory, at time t In this limit, the area under tlage
curve is the integrabf a, (which is in general a function gffrom to t,. If vy
is the xvelocity of the body at timg andv,, is the velocity at tim&, then

Vox L
Voy - Vix = dvy = a, dt (2.15)
LV]_X t

The change in thevelocity vy is the time integral of theacceleratioru,.

We can carry out exactly the same procedure with the curveedbeity ver
sus time. Ifx; is a body’s position at ting andx is its position at tim&, from
Eqg. (2.2) the displacementx during a small time intervalt is equal to/gayx t,
wherev,q is the average-welocity during t. The total displacement - x;
during the intervat, - t is given by

X2 L
Xo - X = dx = vy dt (2.16)
X1 Lt,

The change in position—¢that is, the displacement—is the time integral of
x-velocity vy. Graphically, the displacement between timesndt, is the area
under thev,( curve between those two times. [This is the same result that we
obtained in Section 2.4 for the special case in whjds given by Eqg. (2.8)]

If t; = 0 andt, is any later time, tand ifx; andvg, are the position and veloc-
ity, respectively, at timé = 0, then we can rewrite Egs. (2.15) and (2.16) as

x-velocity of a x-velocity of the particle at time O
particle at time t t

Ve = Vo t a, dt (2.17)
Lo

Integral of the x-acceleration of the particle from time O to time t

Position of a Position of the particle at time 0
particle at time t t

X=X + Lo v, dt (2.18)

Integral of the x-velocity of the particle from time 0 to time t

If we know the xacceleratiomu, as a function of time and we know the initial
velocity vgy, we can use Eq. (2.17) to find theelocity v, at any time; in other
words, we can find, as a function of time. Once we know this function, and
given the initial positiornk, we can use Eq. (2.18) to find the position x at any
time.
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ILNT0S

MOTION WITH CHANGING ACCELERATION

NO

Sally is driving along a straight highway in her 1965 Mustang. &igure 2.29 shows graphs ef, vy, and x as functions of time as
t = 0, when she is moving &0 nPs in the positive direction, given by the previous equations. Note that for any tinteetslope
she passes a signpostxat 50 m Her xacceleration as a func of the v,@ graph equals the value af and the slope of thetx

tion of time is graph equals the value af.
(b) The maximum value of, occurs when the-welocity stops
a, = 2.0 s - 10.10 st increasing and begins to decrease. At that inategtit = a, = O.

. . " . . So we set the expression fgrequal to zero and solve for t:
(@ Find her welocity v, and position xas functions of time. P freq

(b) When is her xelocity greatest? (c) What is that maximum 0=20nps - 10.10 ms*2t
x-velocity? (d) Where is the car when it reaches that maximum 2.0 me2
x-velocity? t= =20s

Y 0.10 ms?

(c) We find the maximum-xelocity by substituting = 20 ¢,
the time from part (b) when velocity is maximum, into the equa

tion for v, from part (a):
IDENTIFY and SET UP:Thex-acceleration is a function of time, so

- 1
we cannotuse the constant-acceleration formulas of Section 2.4Vma@ = 10 MPs + 12.0 nPs2120 2 - 310.10 n¥s2120 &
Instead, we use Eq. (2.17) to obtain an expression,fas a = 30 nPs

functlon_ of time, and then use that’result in Eq. (2.18) to find an (d) To find the car’s position at the time that we found in part (b),
expression for x as a function ofWwe'll then be able to answer a

; . . we substitute = 20 < into the expression for x from part (a):
variety of questions about the motion.
X = 50 m+ 110 mPs2120 £ + 212.0 nPs?2120 2

SOLUTION

EXECUTE:(a) Att = 0, Sally’s position isxg = 50 mr and her

x-velocity isvo, = 10 nps. To use Eq. (2.17), we note that the inte - 210.10 mrs*2120 8
gral oft" (except fom = - 1)is 1 t"dt = , ; ;t"*. Hence - 517m
! EVALUATE: Figure 2.29 helps us interpret our results. The left-
Vi = 10 s + Lo 2.0ms’ - 10.10 ms24dt hand graph shows thayj is positive betweeh = 0 andt = 20 ¢
and negative after that. It is zerotat 20 s the time at whiclv,
= 10 bs + 12.0 nps2t - 110.10 nps’2t? is maximum (the high point in the middle graph). The car speeds
up untilt = 20 ¢ (because, anda, have the same sign) and slows
Now we use Eg. (2.18) to find x as a function:of t down aftert = 20 < (because, anda, have opposite signs).

. Since vy is maximum att = 20 ¢, the xt graph (the right-
X = 50m + 210 mPs + 12.0 M2 - %10_10 32124 dt hand graph in Fig. 2.29) has its maximum positive slope at this

Lo time. Note that the-kgraph is concave up (curved upward) from
1 > 1 3 t = 0tot = 20 s whenay is positive. The graph is concave down
= 50m + 110 nps + 312.0 mps’2? - £10.10 nPs’2t (curved downward) after= 20 s whena, is negative.

2.29 The position, velocity, and acceleration of the car in Example 2.9 as functions of time.
Can you show that if this motion continues, the car will stap-a#44.5 s’

X (m)
v, (M>s) 800 x-t graph curves
upward before
a, (m>9) 30 600 t=20s.

2.0 x-acceleration is 20 400 Xt graph curves
. . i i downward after

positive before t= 20 s. x-velocity x-velocity t _WZ\SIS

1.0 10 increases before decreases after 200 = :

t=20s. t=20s.
t(s) t(s) t(s
O 5 10 15 20 25 30 O 5 10 15 20 25 30 O 5 10 15 20 25 30'®
1.0 x-acceleration is

negative after = 20 s.

TEST YOUR UNDERSTANDING OF SECTION 2.6 If theacceleratiora, of an
object moving in straight-line motion is increasing with time, will ¢x@ graph be (i) a
straight line, (ii) concave up (i.e., with an upward curvature), or (iii) concave down
(i.e., with a downward curvature)?
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carrer2 SUMMARY

Straight-line motion, average and instantaneous X XX
x-velocitywhen a particle moves along a straight line,Ya® = = -t
we describe its position with respect to an origin O by

means of a coordinate such agRe particle’s average v, = |im X _ dx
x-velocity v,,g during a time interval t = t, - t; is S0
equal to its displacementx = x, - X; divided by t.
The instantaneousvelocity vy at any time t is equal to
the average-xelocity over the time interval from t to

t + tinthe limitthat t goes to zero. Equivalently,

vy is the derivative of the position function with respect
to time. (See Example 2.1))

Average and instantaneous x-acceléatioerage Vx _ Vax - Vi

x-accéerationa,,g during a time interval t is equal Gav@ t tLb-1t
to the change in velocity vy = vy, - Vi, during
that time interval divided by t. The instantaneous a, = lim =
x-acceleratiorny is the limit ofa,,g as t goes to
zero, or the derivative of, with respect to.t(See
Examples 2.2 and 2.3.)

Straight-line motion with constant acceleration: Constant sacceleration only:

When the xacceleration is constant, four equations
relate the position x and thesglocity v, at any time t
to the initial positionx, the initial xvelocity v, (both X = Xg + Vet + 38t
measured at time= 0), and the »acceleratioru,. (See
Examples 2.4 and 2.5.)

Vy = Vox + ayt

X- X = %lVOX + vt

Freely falling bodieze fall is a case of motion with
corstant acceleration. The magnitude of the accelera-
tion due to gravity is a positive quantity,Tthe
acceleration of a body in free fall is always downward.
(See Examples 2.6-2.8.)

Straight-line motion with varying acceleration: t
When the acceleration is not constant but is a known Vx = Vox * L ay dt
function of time, we can find the velocity and position 0

as functions of time by integrating the acceleration '
function. (See Example 2.9.) X=X+ Lo Vi dt

V2 = Vol + 28X - X2

SOLUTIONS TO ALL EXAMPLES

22) P2
47?* B
(2.3) & <
&
@\o > Ny I>I<
X P 5\09e
t
t t
o) Lopager, 2
VX
(2.4) 73
Vax 3
4+ >
(2.5) s %
>
o f
e$ x
Vi Py S\oP -
t
(@] t 1.
Yotz 2
a
t=0 v X
(2.8) 0 a
_ \%
(2.12) t= 1, X
a
. t=21 X
(2.13) o v
(2.14) v @
t= 3t X
0 a
=4t Voox
= -9.80 m>¢
(2.17) %
(2.18) 3avx
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Discussion Questions

THE FALL OF A SUPERHERO

NOILNT10S

The superhero Green Lantern steps from the top of a tall buildiaggd Our sketch for this problem.
He falls freely from rest to the ground, falling half the total distance

to the ground during the last 1.00 s of his f&ilg( 2.39. What is

the height tof the building?

SOLUTION GUIDE

IDENTIFYand SET UP

1. You're told that Green Lantern falls freely from rest. What does h=7
this imply about his acceleration? About his initial velocity?

2. Choose the direction of the positiveayis. It's easiest to make Falls last h>2
the same choice we used for freely falling objects in Section 2.5. in1.00 s

3. You can divide Green Lantern’s fall into two parts: from the
top d the building to the halfway point and from the halfway
point to the ground. You know that the second part of the fall
lasts 1.00 s. Decide what you would need to know about Green
Lantern’s motion at the halfway point in order to solve for the
target variable hThen choose two equations, one for the first
part of the fall and one for the second part, that you'll use tg
gether to find an expression for (There are several pairs of
equations that you could choose.)

VALUATE
. To check your answer for, lue one of the free-fall equations
to find how long it takes Green Lantern to fall (i) from the top
of the building to half the height and (ii) from the top of the
EXECUTE building to the ground. If your answer forid correct, time
4. Use your two equations to solve for the heightHhghts are (i) should be 1.00 s greater than time (i). If it isn't, go back and
always positive numbers, so your answer should be positive.  look for errors in how you found h

Problems For assigned homework and other learning materials, go to MasteringPhysics®.

-, ++, -+ Difficulty levelsCFE Cumulative problems incorporating material from earlier chaptetsiLCProblems requiring calculus.
DATA Problems involving real data, scientific evidence, experimental design, and/or statistical reasahifgBiosciences problems.

DISCUSSION QUESTIONS Q2.6 Under what conditions does the magnitude of the average

Q2.1 Does the speedometer of a car measure speed or velodfys city equal the average sp_eed? .

Explain. ..7 When a Dodgg Viper is at Elwood's Car Wash, a BMW
Q2.2 The black dots at the top Bfg. Q2.2represent a series of Z3 IS aL Elm and Ma'r?' Latler, V\g?en the Docri]ge reaches hEIm an,d
high-speed photographs of an insect flying in a straight line frgfigin. the BMW reaches Elwood's Car Wash. How are the cars

left to right (in the positive lirection). Which of the graphs in average ve!ocmt_es between these two times related?_
Fig. Q2.2 most plausibly depicts this insect's motion? Q2.8 A driver in Massachusetts was sent to traffic court for

speeding. The evidence against the driver was that a policewoman
Figure Q2.2 observed the driver’'s car alongside a second car at a certain mo
ment, and the policewoman had already clocked the second car
going faster than the speed limit. The driver argued, “The second
Vy a, X Vy Vy car was passing me. | was not speeding.” The judge ruled against
the driver because, in the judge’s words, “If two cars were side by
side, both of you were speeding.” If you were a lawyer represent
o L o o L t ing the accused driver, how would you argue this case?
Q2.9 Can you have zero displacement and nonzero average ve
(@ (b) (c) (d) (e) locity? Zero displacement and nonzero velocity? lIllustrate your
answers on angraph.
Q2.3 Can an object with constant acceleration reverse its-diré§@2.10 Can you have zero acceleration and nonzero velocity? Use
tion of travel? Can it reverse its direction twide both cases, avy@ graph to explain.

explain your reasoning. Q2.11 Can you have zero velocity and nonzero average aceelera
Q2.4 Under what conditions is average velocity equal to instation? Zero velocity and nonzero acceleration? Usggagraph to
taneous velocity? explain, and give an example of such motion.

Q2.5 Is it possible for an object to be (a) slowing down while it®2.12 An automobile is traveling west. Can it have a velocity
acceleration is increasing in magnitude; (b) speeding up while titsvard the west and at the same time have an acceleration toward
acceleration is decreasing? In both cases, explain your reasonitige east? Under what circumstances?



58 CHAPTER 2 Motion Along a Straight Line

Q2.13 The official's truck in Fig. 2.2 is ax; = 277 maty = 2.4 -- From Pillar to Post. Starting from a pillar, you run
16.0 cand is at, = 19 mr att, = 25.0 s (a) Sketch two different 200 m east (the+ x@irectior) at an average speed®D n#s and
possiblex-t graphs for the motion of the truck. (b) Does the avera@igen run 280 m west at an average speed.®fvps to a post.
velocity v, during the time interval from to 1, have the same Calculate (a) your average speed from pillar to post and (b) your
value for both of your graphs? Why or why not? average velocity from pillar to post.

Q2.14 Under constant acceleration the average velocity of-a p@r5 - Starting from the front door of a ranch house, you walk
ticle is half the sum of its initial and final velocities. Is this stil60.0 m due east to a windmill, turn around, and then slowly walk
true if the acceleration is nobnstant? Explain. 40.0 m west to a bench, where you sit and watch the sunrise. It
Q2.15 You throw a baseball straight up in the air so that it risgakes you 28.0 s to walk from the house to the windmill and then
to a maximum height much greater than your height. Is the mag.0 s to walk from the windmill to the bench. For the entire trip
nitude of the ball's acceleration greater while it is being thrown friom the front door to the bench, what are your (a) average velocity
after it leaves your hand? Explain. and (b) average speed?

Q2.16 Prove these statements: (a) As long as you can ignore 216 -- A Honda Civic travels in a straight line along a road. The
effects of the air, if you throw anything vertically upward, it willcar's distance from a stop sign is given as a function of time t
have the same speed when it returns to the release point as whgy ithe equationxlt2 = at? - bt3, wherea = 1.50 n¥*> and

was released. (b) The time of flight will be twice the time it takés = 0.0500 ms®. Calculate the average velocity of the car for
to get to its highest point. each time interval: (@ = Otot = 2.00¢ (b)t = Otot = 4.00 ¢
Q2.17 Adripping water faucet steadily releases drops 1.0 s apd¢jt = 2.00 <tot = 4.00 s

As these drops fall, does the distance between them increase, de

crease, or remain the same? Prove your answer. , )

Q2.18 If you know the initial position and initial velocity of ave S€¢ti0n 2.2 Instantaneous Velocity o

hicle and have a record of the acceleration at each instant, canddu’ CALCA car is stopped at a traffic light. It then travels
compute the vehicle’s position after a certain time? If so, expls#PNg & straight road such that its distance from the light is given
how this might be done. by x1t2 = bt® - ct®, whereb = 2.40 n¥s? andc = 0.120 n¥s.
Q2.19 From the top of a tall building, you throw one ball straigkﬁa) Calculate the average velocity of the car for the time interval
up with speedvy and one ball straight down with speegl t = 0tot = 10.0 s (b) Calculate the instantaneous velocity of the
(a) Which ball has the greater speed when it reaches the grouff22tt = 0,t = 5.05, andt = 10.0 s (c) How long after starting

(b) Which ball gets to the ground first? (¢) Which ball has f5om restis the car again at rest? , ,
greater displacement when it reaches the ground? (d) Which l?aﬁ QALCA bird is flying due east. Its distance from a tall build
has traveled the greater distance when it hits the ground? ing is given byx1t2 = 28.0 m+ 112.4 n¥s2t - 10.0450 M2,
Q2.20 You run due east at a constant speed of 3.89 for a What is the instantaneous velocity of the bird when8.00 ?
distance of 120.0 m and then continue running east at a constaflt * A ball moves in a _
speed of 5.00 s for another 120.0 m. For the total 240.0-m rutraight line (the saxis). The Figure £2.9
is your average velocity 4.00>8) greater than 4.003s) or less graph in Fig. E2.9shows this  (m/s)
than 4.00 res? Explain. ball's velocity as a function

Q2.21 An object is thrown straight up into the air and feels n@f time. (@ What are the ball's 30

air resistance. How can the object have an acceleration when it#4¥age speed and average

stopped moving at its highest point? velocity during the first 3.0 s?

Q2.22 When you drop an object from a certain height, it takd§) Suppose that the ball moved 1.0
time T to reach the ground with no air resistance. If you dropp&tSuch a way that the graph seg

it from three times that height, how long (in terms pfabuld it Ment after 2.0 s was3.0ms o 10 20
take to reach the ground? instead of +3.0 nPs. Find the

ball's average speed and average
velocity in this case.

3.0 te

EXERCISES 2.10 -- A physics professor leaves her house and walks along the
Section 2.1 Displacement, Time, sidewalk toward campus. After 5 min it starts to rain, and she re
an d Average Velocity turns home. Her distance from her house as a function of time is

2.1 - A car travels in the+x-direction on a straight and levelshown in Fig. E2.10At which of the labeled points is her velocity
road. For the first 4.00 s of its motion, the average velocity of tk® zero? (b) constant and positive? (c) constant and negative?
car isva@ = 6.25 nps. How far does the car travel in 4.00 s?  (d) increasing in magnitude? (e) decreasing in magnitude?

2.2 -+ In an experiment, a shearwater (a seabird) was taken from

its nest, flown 5150 km away, and released. The bird found its wa§""® =%

back to its nest 13.5 days after release. If we place the origin at the x(m)
nest and extend the x@xis to the release point, what was the \%
bird’s average velocity im>s (a) for the return flight and (b) for 400 1]

the whole episode, from leaving the nest to returning?

2.3 -+ Trip Home. You normally drive on the freeway be
tween San Diego and Los Angeles at an average speed of 200 v

105 krh 165 mh2, and the trip takes 1 h and 50 min. On a Il

Friday afternoon, however, heavy traffic slows you down and you 100

drive the same distance at an average speed of #hknph t (min)
143 mPh2. How much longer does the trip take? 0O 12 3 456 7 8

300
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2.11 -- Atestcar travels in a Figure E2.11 starting does it take the turtle to return to its starting point? (d) At
straight line along the axis. % (m) what timest is the turtle a distance of 10.0 cm from its starting
The graph in Fig. E2.11 40 B Cc point? What is the velocity (magnitude and direction) of the
shows the car’s position x as a 0 A D turtle at each of those times? (e) Sketch graphs wérgus
function of time. Find its in 5 vy versud, anday versus tfor the time interval = Otot = 40 s

stantaneous velocity at points 10

E 2.16 - An astronaut has left the International Space Station to
A through G.

O 12345678910 test a new space scooter. Her partner measures the following ve
F G t(g locity changes, each taking place in a 10-s interval. What are the

magnitude, the algebraic sign, and the direction of the average ac
celeration in each interval? Assume that the positive direction is to

Section 2.3 Average and Instantaneous Acceleration the right. (a) At the beginning of the interval, the astronaut is mov

2.12 - Figure E2.12shows the velocity of a solar-powered cajng toward the right along theaxis at15.0 n¥s, and at the end of

as a function of time. The driver accelerates from a stop sigRe interval she is moving toward the rightsad nes. (b) At the

cruises for 20 s at a constant spee@knvh, and then brakes to heginning she is moving toward the lefab n#s, and at the end

come to a stop 40 s after leaving the stop sign. (a) Compuife is moving toward the left #6.0 n¥s. (c) At the beginning she

the average acceleration during these time interval$:<i0 s moving toward the right dt5.0 n¥s, and at the end she is mov

tot=10¢ (i)t =30stot =40¢ (i) t = 10<tot = 305  ing toward the left at 15.0¥s.

(iv)t = Otot = 40 s (b) What is the instantaneous acceleratiop.17 . CALCA car's velocity as a function of time is given by

att = 20 sand att = 357 v,1t2 = a + bt?, where a = 3.00m*s and b = 0.100 ms’.
(@) Calculate the average acceleration for the time intérwa0
Figure £2.12 to t = 5.00s (b) Calculate the instantaneous acceleration for

t = 0 andt = 5.00 s (c) Drawvy@ anday@ graphs for the car’s
motion betweent = O andt = 5.00 s

2.18 -- CALCThe position of the front bumper of a test car
60 under microprocessor control is given bgyt2 = 2.17 m+

50 14.80 ms*2? - 10.100 n¥<f2®. (a) Find its position and acceler
ation at the instants when the car has zero velocity. (b) Ditaw x

vy (km>h)

40 Vy (&, anday@ graphs for the motion of the bumper betwéen 0
30 andt = 2.00 s
20
10 Section 2.4 Motion with Constant Acceleration
2.19 -+ An antelope moving with constant acceleration covers
O 5 10 15 2025 30 35 40 tes) the distance between two points 70.0 m apart in 6.00 s. Its speed
as it passes the second point%0 nps. What are (a) its speed at
the first point and (b) its acceleration?
2.13 - The Fastest (and Most Expensive) Car!  The table showsp 20 .. Blackout? A jet fighter pilot wishes to accelerate
test data for the Bugatti Veyron Super Sport, the fastest streetf¢gf rest at a constant acceleration gfté reach Mach 3 (three
made. The car is moving in a straight line (tkeexs). times the speed of sound) as quickly as possible. Experimental
i tests reveal that he will black out if this acceleration lasts for more
Time (s) 0 21 200 53

than 5.0 s. Use 33t>s for the speed of sound. (a) Will the period of

Speed(mi h) 0 60 200 253 acceleration last long enough to cause him to black out? (b) What
is the greatest speed he can reach with an acceleratigroefde

(@) Sketch ay (€ graph of this car's velocity (imi>h) as a function he blacks out?

of time. Is its acceleration constant? (b) Calculate the car’s aver@d2l - A Fast Pitch. The fastest measured pitched baseball

acceleration (im>s%) between (i) 0 and 2.1 s; (i) 2.1 s and 20.0 seft the pitcher's hand at a speed4&£0 n¥s. If the pitcher was in

(iii) 20.0 s and 53 s. Are these results consistent with your graplcontact with the ball over a distance of 1.50 m and produced con

part (a)? (Before you decide to buy this car, it might be helpful $tant acceleration, (a) what acceleration did he give the ball, and

know that only 300 will be built, it runs out of gas in 12 minutes @b) how much time did it take him to pitch it?

top speed, and it costs more than $1.5 million!) 2.22 -- A Tennis Serve. In the fastest measured tennis serve,

2.14 .- CALCA race car starts from rest and travels east alotige ball left the racquet @3.14 ns. A served tennis ball is typi

a straight and level track. For the first 5.0 s of the car's motiorglly in contact with the racquet for 30.0 ms and starts from rest.

the eastward component of the car's velocity is given Byssume constant acceleration. (a) What was the ball's acceleration

v, 12 = 10.860 ms*22. What is the acceleration of the car whemluring this serve? (b) How far did the ball travel during the serve?

Vy = 12.0 n¥s? 2.23 - Automobile Air Bags. The human body can sur

2.15 - CALCA turtle crawls along a straight line, which we willvive an acceleration trauma incident (sudden stop) if the magni

call the xaxis with the positive direction to the right. The equaude of the acceleration is less thaB0 mes’. If you are in an

tion for the turtle’s position as a function of time »4t2 = automobile accident with an initial speed1df5 knth 165 mPh2

50.0 cm+ 12.00 cn¥s2t - 10.0625 cras’2. (a) Find the turtle’s and are stopped by an airbag that inflates from the dashboard,

initial velocity, initial position, and initial acceleration. (b) Atover what distance must the airbag stop you for you to survive

what time t is the velocity of the turtle zero? (c) How long aftehe crash?
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2.24 . A pilot who accelerates at more thag Begins to 2.30 - A cat walks in a straight line, which we shall call the
“gray out” but doesn’t completely lose consciousness. (a) Assumirgxis, with the positive direction to the right. As an observant physi
constant acceleration, what is the shortest time that a jet piett, you make measurements of this cat's motion and construct
starting from rest can take to reach Mach 4 (four times the speedraph of the feline’s velocity as a function of tinkég( E2.30.

of sound) without graying out? (b) How far would the plane trav@d) Find the cat's velocity at = 4.0¢ and att=7.0s
during this period of acceleration? (Use 383 for the speed of (b) What is the cat's accelerationtat 3.0 <? Att = 6.0 <? At
sound in cold air.) t = 7.0 s (c) What distance does the cat move during the first
2.25 - Air-Bag Injuries. During an auto accident, the4.5 s? Front = Otot = 7.5 7 (d) Assuming that the cat started
vehicle’s air bags deploy and slow down the passengers more garthe origin, sketch clear graphs of the cat’s acceleration and posi
tly than if they had hit the windshield or steering wheel. Accordirtgpn as functions of time.

to safety standards, air bags produce a maximum acceleration of

60g that lasts for only 36 ms (or less). How far (in meters) doe§'gure =230

person travel in coming to a complete stop in 36 ms at a constant v, (cms)

acceleration of 6§?

2.26 - Prevention of Hip Fractures. Falls resulting in hip 8

fractures are a major cause of injury and even death to the elderly. ¢

Typically, the hip’s speed at impact is ab@u@ nes. If this can be 4

reduced tal.3 n®s or less, the hip will usually not fracture. One

way to do this is by wearing elastic hip pads. (a) If a typical pad is 2

5.0 cm thick and compresses by 2.0 cm during the impact of a fall, t(s)
what constant acceleration (itbs® and ing's) does the hip undergo o 1 2 3 4 5 6 7

to reduce its speed from 2n@s to 1.3 n¥s? (b) The acceleration

you found in part (a) may seem rather large, but to assess its effec8d .- The graph in Fig. E2.3%hows the velocity of a motor

on the hip, calculate how long it lasts. cycle police officer plotted as a function of time. (a) Find the
2.27 - Are We Martians? It has been suggested, and nohstantaneous acceleration at= 35, t = 7, andt = 11s
facetiously, that life might have originated on Mars and been c@) How far does the officer go in the first 5 s? The first 9 s? The
ried to the earth when a meteor hit Mars and blasted piecesigft 13 s?

rock (perhaps containing primitive life) free of the Martian-sur

face. Astronomers know that many Martian rocks have comefigure E2.31

the earth this way. (For instance, search the Internet for “ALH v, (mM>s)

84001.") One objection to this idea is that microbes would have 50

had to undergo an enormous lethal acceleration during the impact. 45

Let us investigate how large such an acceleration might be. To 20

escape Mars, rock fragments would have to reach its escape 35

velocity of 5.0 knPs, and that would most likely happen over 30

a distance of about 4.0 m during the meteor impact. (a) What o5

would be the acceleration (im> and ¢s) of such a rock frag 20

ment, if the acceleration is constant? (b) How long would this 15

acceleration last? (c) In tests, scientists have found that over 10

40% of Bacillus subtilisbacteria survived after an acceleration 5

of 450,00@. In light of your answer to part (a), can we rule out t(s)
the hypothesis that life might have been blasted from Mars to O 24 6 810124
the earth?

2.28 - Entering the Freeway. A car sits on an entrance ramp2.32 - Two cars, A and Bnove  Figure E2.32

to a freeway, waiting for a break in the traffic. Then the driver a@long the saxis.Figure E2.32is X (m)

celerates with constant acceleration along the ramp and ontoatgraph of the positions of A and 5

freeway. The car starts from rest, moves in a straight line, and Bagersus time. (a) In motion dia 20 A
a speed 020 nPs145 mbh2 when it reaches the end of the 120-mgrams  (like Figs. 2.13b and

long ramp. (@) What is the acceleration of the car? (b) How muzi4b), show the position, veloc 15 B

time does it take the car to travel the length of the ramp? (c) Tie and acceleration of each of 10

traffic on the freeway is moving at a constant speedQofits. the two cars at = 0, t = 15, 5
What distance does the traffic travel while the car is moving thedt = 3 s (b) At what time(s), t(s)
length of the ramp? if any, do A and B have the same 1 2 3 4

2.29 -- At launch a rocket ship weighs 4.5 million poundsposition? (c) Graph velocity versus time for both A anddB At
When it is launched from rest, it takes 8.00 s to rd&dhknh; at  what time(s), if any, do A and B have the same velocity? (e) At
the end of the first 1.00 min, its speedl&L0 kn¥h. (@) What is what time(s), if any, does car A pass car(B At what time(s), if

the average acceleration inrs?) of the rocket (i) during the first any, does car B pass car A

8.00 s and (ii) between 8.00 s and the end of the first 1.00 mth33 - A small block has constant acceleration as it slides down
(b) Assuming the acceleration is constant during each time intarfrictionless incline. The block is released from rest at the top of
val (but not necessarily the same in both intervals), what distarie incline, and its speed after it has traveled 6.80 m to the bottom
does the rocket travel (i) during the first 8.00 s and (ii) during tleé the incline is3.80 nps. What is the speed of the block when it is
interval from 8.00 s to 1.00 min? 3.40 m from the top of the incline?
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2.34 - At the instant the traffic light turns green, a car that ha®ur reaction time in terms of this measured distance, d. (b) If the
been waiting at an intersection starts ahead with a constant aceslasured distance is 17.6 cm, what is your reaction time?

eration 0f2.80 n»s’. At the same instant a truck, traveling with @.42 - A brick is dropped (zero initial speed) from the roof of a
constant speed @0.0 s, overtakes and passes the car. (a) Holwilding. The brick strikes the ground in 1.90 s. You may ignore
far beyond its starting point does the car overtake the trucki? resistance, so the brick is in free fall. (&) How tall, in meters, is
(b) How fast is the car traveling when it overtakes the truckRe building? (b) What is the magnitude of the brick’s velocity just
(c) Sketch anx graph of the motion of both vehicles. Take 0  before it reaches the ground? (c) Skedgl, vy@, and yt graphs

at the intersection. (d) Sketchvge graph of the motion of both for the motion of the brick.

vehicles. 2.43 - Launch Failure. A 7500-kg rocket blasts off verti
_ _ _ cally from the launch pad with a constant upward acceleration of
Section 2.5 Freely Falling Bodies 2.25 ms? and feels no appreciable air resistance. When it has

2.35 -+ (a) If a flea can jump straight up to a height of 0.440 Meached a height of 525 m, its engines suddenly fail; the only force
what is its initial speed as it leaves the ground? (b) How long isiiting on it is now gravity. (a) What is the maximum height this
in the air? rocket will reach above the launch pad? (b) How much time will
2.36 -+ Asmall rock is thrown vertically upward with a speed ofjapse after engine failure before the rocket comes crashing down
22.0 n¥s from the edge of the roof of a 30.0-m-tall building. Theo the launch pad, and how fast will it be moving just before it
rock doesn't hit the building on its way back down and lands @Rashes? (c) Sketehe, vy@ and yt graphs of the rocket's motion

the street below. Ignore air resistance. () What is the speed offtBgh the instant of blast-off to the instant just before it strikes the
rock just before it hits the street? (b) How much time elapses frgginch pad.

when the rock is thrown until it hits the street? 2.44 .- A hot-air balloonist, ris  Figure £2.44
2.37 - Ajuggler throws a bowling pin straight up with an initialing vertically with a constant ve

speed of 8.20 rs. How much time elapses until the bowling pinocity of magnitude 5.00 n¥s, v = 5.00 ms
returns to the juggler's hand? releases a sandbag at an instant

2.38 -- You throw a glob of putty straight up toward the ceilingyhen the balloon is 40.0 m above

which is 3.60 m above the point where the putty leaves your hagk ground Fig. E2.44. After the

The initial speed of the putty as it leaves your har@ 58 n¥s. sandbag is released, it is in free

(a) What is the speed of the putty just before it strikes the ceilingfl. (a) Compute the position and

(b) How much time from when it leaves your hand does it take tiglocity of the sandbag at 0.250 s

putty to reach the ceiling? and 1.00 s after its release. (b) How

2.39 -+ A tennis ball on Mars, where the acceleration due @any seconds after its release does

gravity is 0.379 and air resistance is negligible, is hit directly upthe bag strike the ground? (c) With

ward and returns to the same level 8.5 s later. (a) How high ab@tgat magnitude of velocity does

its original point did the ball go? (b) How fast was it moving just strike the ground? (d) What is

after it was hit? (c) Sketch graphs of the ball's vertical positiofhe greatest height above the

vertical velocity, and vertical acceleration as functions of timground that the sandbag reaches? 40.0 m to ground

while it's in the Martian air. (e) Sketchay(, vy@, and yt graphs
2.40 -+ Touchdown on the Moon. A lunar lander is making for the motion.
its descent to Moon Base Fi§. E2.4Q. The lander descends2 45 . The rocket-driven sled Sonic Wind No. 2, used for

slowly under the retro-thrust of its descent engine. The engingrigestigating the physiological effects of large accelerations, runs
cut off when the lander is 5.0 m above the surface and has a doyfa straight, level track 1070 m (3500 ft) long. Starting from rest,
ward speed 00.8 mpsWith the engine off, the lander is in freejt can reach a speed 224 nPs1500 mbh2 in 0.900 s. (3) Compute
fall. What is the speed of the lander just before it touches the SHe acceleration |m>52’ assuming that it is constant. (b) What is
face? The acceleration due to gravity on the moonis 36 m  the ratio of this acceleration to that of a freely falling bog) (
() What distance is covered in 0.900 s? (d) A magazine article
states that at the end of a certain run, the speed of the sled de
creased fron283 nmps1632 mph2 to zero in 1.40 s and that during
this time the magnitude of the acceleration was greater th@n 40
Are these figures consistent?
2.46 - An egg is thrown nearly vertically upward from a point
near the cornice of a tall building. The egg just misses the cornice
on the way down and passes a point 30.0 m below its starting
point 5.00 s after it leaves the thrower’s hand. Ignore air resistance.
50m (@) What is the initial speed of the egg? (b) How high does it rise
above its starting point? (c) What is the magnitude of its velocity
at the highest point? (d) What are the magnitude and direction of
its acceleration at the highest point? (e) Sketgh vy(@, and yt
2.41 -- A Simple Reaction-Time Test. A meter stick is held graphs for the motion of the egg.
vertically above your hand, with the lower end between yodr47 -- A 15-kg rock is dropped from rest on the earth and
thumb and first finger. When you see the meter stick released, yeaches the ground in 1.75 s. When it is dropped from the same
grab it with those two fingers. You can calculate your reactidreight on Saturn’s satellite Enceladus, the rock reaches the
time from the distance the meter stick falls, read directly from tiggound in 18.6 s. What is the acceleration due to gravity on
point where your fingers grabbed it. (a) Derive a relationship feinceladus?

Figure E2.40
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2.48 - A large boulder is ejected vertically upward from a-volPROBLEMS
cano with an initial speed d0.0 n®s. Ignore air resistance. (a) At 255 .

what time after being ejected is the boulder movingQa0 n¥s acceleration for 2.0 s, and his maximum speetDisPs. After

upward? _(b) Al what time is it moving 20.0 n?s_dqwqward? _he reaches this maximum speed, his acceleration becomes zero,
() Wheniis the d_|splacement- of the boulder from its initial POSItiQfL§ then he runs at constant speed. Assume that his acceleration
zero? (d) When IS thg ve!omty of the boulde.r zero? (€) What 8L€onstant during the first 2.0 s of the race, that he starts from
.the. magn'ltude and dlre“ct|on Qf the acceleratlon while the. bou'%&t, and that he runs in a straight line. (a) How far has the sprinter
is (i) moving upward? (ii) Moving downward? (iii) At the hlgheStrun when he reaches his maximum speed? (b) What is the-magni

point? (f) Sketcla,@, vy, and yt graph_s for the motion. tude of his average velocity for a race of these lengths: (i) 50.0 m;
2.49 -- You throw a small rock straight up from the edge of ai 100.0 m: (i) 200.0 m?
2i.a§

highway bridge that crosses a river. The rock passes you on 6 - CALCA lunar lander is descending toward the moon's

way F’OW”’ 6'00_ s after it was thrown. What is the spegd of tg'&rface. Until the lander reaches the surface, its height above the
rock just before it reaches the water 28.0 m below the point Wh@[ﬁface of the moon is given bylt2 = b - ct + d?, where

the rock left your hand? Ignore air resistance. b = 800 nr is the initial height of the lander above the surface,
2.50 -+ CALCA small object moves along theaxis with accel . _ g7 mrs, andd = 1.05 %, () What is the initial velocity

erationalt2 = - 10.0320 m=§2]15_.0 S- 2. Att = 0 the object o jander, at = 0? (b) What is the velocity of the lander just
is atx = - 14.0 m and has velocityg, = 8.00 n¥s. What is the before it reaches the lunar surface?

x-coordinate of the object wherr 10.0 2 2.57 --- Earthquake Analysis. Earthquakes produce several
types of shock waves. The most well known are the P-waves (P for
primary or pressuneand the S-waves (S for secondarysheay.
Section 2.6 Velocity and Position by Integration In the earth’s crust, P-waves travel at ab®6tknes and S-waves
2.51 - CALCA rocket starts from rest and moves upward froomove at abouB.5 kns. The time delay between the arrival of
the surface of the earth. For the first 10.0 s of its motion, the vettiese two waves at a seismic recording station tells geologists how
cal acceleration of the rocket is givendgy= 12.80 nps>2t, where far away an earthquake occurred. If the time delay is 33 s, how far
the +y-direction is upward. (@) What is the height of the rockétom the seismic station did the earthquake occur?
above the surface of the eartht at 10.0 2 (b) What is the speed 2.58 -- A brick is dropped from the roof of a tall building. After
of the rocket when it is 325 m above the surface of the earth? it has been falling for a few seconds, it falls 40.0 m in a 1.00-s
2.52 .- CALCThe acceleration of a bus is given dlt2 = at, time interval. What distance will it fall during the next 1.00 s?
wherea = 1.2 n¥s’. (a) If the bus’s velocity at time= 1.0 Ignore air resistance.
is 5.0 nPs, what is its velocity at time = 2.0s? (b) If the 2.59 --- A rocket carrying a satellite is accelerating straight up
bus’s position at timé = 1.0 <is 6.0 m, what is its position at from the earth’s surface. At 1.15 s after liftoff, the rocket clears
time t = 2.0 (c) Sketchay@, vy€, and xt graphs for the the top of its launch platform, 63 m above the ground. After an ad
motion. ditional 4.75 s, it is 1.00 km above the ground. Calculate the mag
2.53 -+ CALCThe acceleration of a motorcycle is given byitude of the average velocity of the rocket for (a) the 4.75-s part of
adt2 = At - Bt?>, where A = 1.50 n¥s® and B = 0.120 ms*.  its flight and (b) the first 5.90 s of its flight.
The motorcycle is at rest at the origin at tilme 0. (a) Find its 2.60 --- A subway train starts from rest at a station and acceler
position and velocity as functions of time. (b) Calculate the maxites at a rate df.60 n¥s? for 14.0 s. It runs at constant speed for
mum velocity it attains. 70.0 s and slows down at a rate3050 n#s until it stops at the
254 - Flying Leap of the Flea. High-speed motion pic next station. Find the totalistance covered.
tures13500 framezsecond of a jumping,210@y flea yielded the 2.61 - A gazelle is running in a straight line (theaxis). The
data used to plot the graph in Fig. E2.88ee “The Flying Leap graph in Fig. P2.6khows this animal’s velocity as a function of
of the Flea” by M. Rothschild, Y. Schlein, K. Parker, C. Nevilletime. During the first 12.0 s, find (a) the total distance moved
and S. Sternberg in the November 1973 Scientific Amejicaand (b) the displacement of the gazelle. (c) Sketchargraph
This flea was about 2 mm long and jumped at a nearly vertichlowing this gazelle’s acceleration as a function of time for the
takeoff angle. Use the graph to answer these questions: (a) Isfits¢ 12.0 s.
acceleration of the flea ever zero? If so, when? Justify your an
swer. (b) Find the maximum height the flea reached in the fifdgure P2.61 vy (mMPs)

A typical male sprinter can maintain his maximum

2.5 ms. (c) Find the flea’s acceleration at 0.5 ms, 1.0 ms, and 12.0
1.5 ms. (d) Find the flea’s height at 0.5 ms, 1.0 ms, and 1.5 ms.
8.00
Figure E2.54
4.00
~ 150
R t(s)
£ O 2.00 4.00 6.00 8.00 10.012.0
S 100
ke
§ 50 2.62 -- Collision. The engineer of a passenger train traveling
2 at 25.0 ms sights a freight train whose caboose is 200 m ahead on
the same trackFig. P2.63. The freight train is traveling at
o]

05 10 15 20 25 15.0 s in the same direction as the passenger train. The engi
Time (ms) neer of the passenger train immediately applies the brakes,
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Figure P2.62 2.69 --- CALCThe acceleration of a particle is givendyt2 =
- 2.00 nPs® + 13.00 mrs*2t. (a) Find the initial velocitwgy such
that the particle will have the same&aordinate at = 4.00 <as it
had att = 0. (b) What will be the velocity dt= 4.00 &

2.70 - Egg Drop. You are Figure P2.70

on the pof of the physics build

Vpr = 25.0 m>s

a = -0.100 m>3 Ver = 15.0 m>s ing, 46.0 m above the ground
(Fig. P2.7Q. Your physics pre
200m fessor, who is 1.80 m tall, is

walking alongside the building

at a constant speed df20 n¥s.

If you wish to drop an egg on 46.0 m

your professor's head, where

should the professor be when

you release the egg? Assumey = 1.20 s
causing a constant acceleratior0af00 n¥s? in a direction oppo that the egg s in free fall.
site to the train’s velocity, while the freight train continues with 1.80 m
constant speed. Take= 0 at the location of the front of the pas
senger train when the engineer applies the brakes. (@) Will the
cows nearby witness a collision? (b) If so, where will it take plac?7/1 - A certain volcano on earth can eject rocks vertically to a
(c) On a single graph, sketch the positions of the front of the pazaximum height H(@) How high (in terms of Hwould these rocks
senger train and the back of the freight train. go if a volcano on Mars ejected them with the same initial velocity?
2.63 --- A ball starts from rest and rolls down a hill with uni The acceleration due to gravity on Mar8ig1 ns%; ignore air re
form acceleration, traveling 200 m during the second 5.0 s of $istance on both planets. (b) If the rocks are in the air for a tone T
motion. How far did it roll during the first 5.0 s of motion? earth, for how long (in terms of) Tvould they be in the air on Mars?
2.64 -- Two cars start 200 m apart and drive toward each oth&i72 -- An entertainer juggles balls while doing other activities.
at a steady0 ns. On the front of one of them, an energetic gras$n one act, she throws a ball vertically upward, and while it is in
hopper jumps back and forth between the cars (he has strtmg air, she runs to and from a table 5.50 m away at an average
legs!) with a constant horizontal velocity D6 ns relative to the speed 0f3.00 n®s, returning just in time to catch the falling ball.
ground. The insect jumps the instant he lands, so he spend€ajd/Vith what minimum initial speed must she throw the ball
time resting on either car. What total distance does the grasshgpward to accomplish this feat? (b) How high above its initial
per travel before the cars hit? position is the ball just as she reaches the table?
2.65 - A car and a truck start from rest at the same instant, w273 --- Look Out Below. Sam heaves a 16-Ib shot straight up,
the car initially at some distance behind the truck. The truck hagiging it a constant upward acceleration from res8%0 nps®
constant acceleration 810 n¥s?, and the car has an acceleratiofor 64.0 cm. He releases it 2.20 m above the ground. Ignore air
of 3.40 nps>. The car overtakes the truck after the truck has moveesistance. (a) What is the speed of the shot when Sam releases it?
60.0 m. (@) How much time does it take the car to overtake i How high above the ground does it go? (c) How much time
truck? (b) How far was the car behind the truck initially? (c) Whaoes he have to get out of its way before it returns to the height of
is the speed of each when they are abreast? (d) On a single gréyghtop of his head, 1.83 m above the ground?
sketch the position of each vehicle as a function of time. TaRer4 --- A flowerpot falls off a windowsill and passes the win
x = 0 at the initial location of the truck. dow of the story below. Ignore air resistance. It takes the pot
2.66 -- You are standing at rest at a bus stop. A bus moving a0.880 s to pass from the top to the bottom of this window, which is
constant speed of 5.00°mpasses you. When the rear of the bus 190 m high. How far is the top of the window below the window
12.0 m past you, you realize that it is your bus, so you start to <ithfrom which the flowerpot fell?
toward it with a constant acceleration @060 m<?. How far 2.75 -- Two stones are thrown vertically upward from the ground,
would you have to run before you catch up with the rear of the basge with three times the initial speed of the other. (a) If the faster
and how fast must you be running then? Would an average collsggme takes 10 s to return to the ground, how long will it take the
student be physically able to accomplish this? slower stone to return? (b) If the slower stone reaches a maximum
2.67 -- Passing. The driver of a car wishes to pass a truck thaeight of H how high (in terms of Hwill the faster stone go?
is traveling at a constant speed 20.0 n¥s (about 45 mih).  Assume free fall.
Initially, the car is also traveling 0.0 n¥s, and its front bumper 2.76 --- A Multistage Rocket. In the first stage of a two-stage
is 24.0 m behind the truck’s rear bumper. The car accelerates edcket, the rocket is fired from the launch pad starting from rest
constant 0.600 ks, then pulls back into the truck’s lane when théut with a constant acceleration 350 nes? upward. At 25.0 s
rear of the car is 26.0 m ahead of the front of the truck. The caafter launch, the second stage fires for 10.0 s, which boosts the
4.5 m long, and the truck is 21.0 m long. (@) How much time-is mocket’s velocity t0132.5 s upward at 35.0 s after launch. This
quired for the car to pass the truck? (b) What distance does thefitdrg uses up all of the fuel, however, so after the second stage
travel during this time? (c) What is the final speed of the car? has finished firing, the only force acting on the rocket is gravity.
2.68 .- CALCAnN object’s velocity is measured to bglt2 = Ignore air resistance. (a) Find the maximum height that the stage-
a - bt? wherea = 4.00 n¥s andb = 2.00 n¥s°. At t = 0 the two rocket reaches above the launch pad. (b) How much time after
object is atx = 0. (a) Calculate the object’s position and aecethe end of the stage-two firing will it take for the rocket to fall
eration as functions of time. (b) What is the object's maximuback to the launch pad? (c) How fast will the stage-two rocket be
positivedisplacement from the origin? moving just as it reaches the launch pad?



64 CHAPTER 2 Motion Along a Straight Line

2.77 --- During your summer internship for an aerospace-corfigure P2.84
pany, you are asked to design a small research rocket. The rocket t(s)
is to be launched from rest from the earth’s surface and is to reach 0.9
a maximum height of 960 m above the earth’s surface. The rock 08
et's engines give the rocket an upward acceleratiot6df ms> 0.7
during the timeT that they fire. After the engines shut off, the '
rocket is in free fall. Ignore air resistance. What must be the value 0.6
of T in order for the rocket to reach the required altitude? 0.5
2.78 -- A physics teacher performing an outdoor demonstration 0.4
suddenly falls from rest off a high cliff and simultaneously shouts 03
“Help.” When she has fallen for 3.0 s, she hears the echo of her 0.2
shout from the valley floor below. The speed of sourg#z nes. 0.1

(@) How tall is the cliff? (b) If we ignore air resistance, how fast
will she be moving just before she hits the ground? (Her actual
speed will be less than this, due to air resistance.)

2.79 - A helicopter carrying Dr. Evil takes off with a constant -\ e polynomial (quadratic) fit to the plotted data. You
upward acceleration 06.0 nps’. Secret agent Austin Powers re asked to find the alider's acceleration. which is assumed to be
jumps on just as the helicopter lifts off the ground. After the W : gl lon, which | u

men struggle for 10.0 s, Powers shuts off the engine and Stepscgﬂltstant. There is some error in each measurement, so instead of

of the helicopter. Assume that the helicopter is in free fall after {tg'ng a single set of x and t values, you can be more accurate if

engine is shut off, and ignore the effects of air resistance. (a) wha use graphlcal methods and obtain your measured value of the
apgeleratlon from the graph. (@) How can you re-graph the data so

is the maximum height above ground reached by the helicopter’ . . . : :
(b) Powers deploys a jet pack strapped on his back 7.0 s after Ig%t the data points fall close to a straight lirtéh You might

w%nt to plot x or,tor both, raised to some power.) (b) Construct

ing the helicopter, and then he has a constant downward aecel . i : ;
tion with magnitude2.0 mbs?. How far is Powers above the grounczlﬁ]e graph you described in part (a) and find the equation for the

when the helicopter crashes into the ground? ﬁtralg?tflme that :s tl?etbestlf it tlo ':hetr? ata p0|lnts. t(_c) Uscfa tt;]e stlr_zlght-
2.80 -- CIiff Height. You are climbing in the High Sierra when ine fit from part (b) to calculate the acceleration of the glider.

you suddenly find yourself at the edge of a fog-shrouded cliff. o) The glider is released at a dlstapcs 1.35m from the .
find the height of this cliff, you drop a rock from the top; 8.00 Sottom of the track. Use the acceleration value you obtained in

later you hear the sound of the rock hitting the ground at the fi&rt () to calculate the speed of the glider when it reaches the bot

x (m)
0 0.501.00 1.502.00 2.50 3.00

of the cliff. (@) If you ignore air resistance, how high is the cliff i om of the track.

the speed of sound 830 n®s? (b) Suppose you had ignored the t85| b I?AIT,\A/I?i a phgsilcstlabbeipezlhmen:, yg(le re;za;e a s:nallh
time it takes the sound to reach you. In that case, would you h o ball at various heights above the ground a easure the

Ve, . S
overestimated or underestimated the height of the cliff? Explain.aﬁs speed just before it strlkes_the ground. You plot your Qata on
2.81 .- CALCAn object is moving along theaxis. Att = 0 it a graph that has the release height (in meters) on the vertical axis
hés velocityvo, = 20.0 s, Starting at time = 0 i.t has accel and the square of the final speedr(ifts?) on the horizontal axis.
erationa. = - Ct wﬁere éhas units of>s®. (a) What is the In this graph your data points lie close to a straight line. (a) Using
value ofXCif the ,object stops in 8.00 s afte.: 0? (b) For the g = 9.80 m>52 and ignoring the effect_ of air_ resi;tance, what is
value of Ccalculated in part (a), how far does the object travg?e numerical value of the slope of this straight line? (Include the
during the 8.00 s? ' correct units.) The presence of air resistance reduces the-magni
282 g A béll is thrown straight up from the ground with spegd tude of the downward acceleration, and the effect of air resistance

At the same instant, a second ball is dropped from rest froningreases as the speed of the object increases. You repeat the experi

heightH, directly above the point where the first ball was throwW.ent’ l:_)ut this time with a tenr_ns ball as the object being dropped.
upward. There is no air resistance. () Find the time at which s resistance now has a noticeable effect on the data. (b) Is the

two balls collide. (b) Find the value of H in termsvgfand g such inal speed for a given release height higher than, lower than, or
: the same as when you ignored air resistance? (c) Is the graph of

that at the instant when the balls collide, the first ball is at the ) ) .
hi . . ; ' IElne release height versus the square of the final speed still a
ighest point of its motion.

2.83 . CALCCarsA and B travel in a straight line. The distancgtra'ght line? Sketch the qualitative shape of the graph when air

. R ; . resistance is present.
of A from the starting point is given as a function of time b .
Xalt2 = at + bt with a = 2.60 andb = 1.20 <. The %.86 --- DATA A model car starts from rest and travels in a

distance of B from the starting pointiglt2 = gt2 - dt3, with straight line. A smartphone mounted on the car has an app that

g = 2.80 m< andd = 0.20 m<3. (a) Which car is ahead justtransmlts the magnitude of the car’s acceleration (measured by an

after the two cars leave the starting point? (b) At what time(s) aar%celerometer) every second. The results are given in the table:

the cars at the same point? (c) At what time(s) is the distance from
A to B neither increasing nor decreasing? (d) At what time(8) do Time (s) Acceleration 1m s>
and B have the same acceleration?

2.84 -- DATAIn your physics lab you release a small glider 0 5.95

from rest at various points on a long, frictionless air track that is L 5.52
inclined at an anglel above the horizontal. With an electronic 2.00 5.08
photocell, you measure the time t it takes the glider to slide a3:00 4.55
distancex from the release point to the bottom of the track. 4.00 3.96

Your measurements are given in Fig. P2.8hich shows a 5.00 3.40
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Each measured value has some experimental error. (a) Plot accslASSAGE PROBLEMS

eration versus time and find the equation for the straight line that

gives the best fit to the data. (b) Use the equatioatt@rthat you B|O BLOOD FLOW IN THE HEARThe human circulatory
found in part (a) to calculatelt?, the speed of the car as a funcsystem is closed—that is, the blood pumped out of the left ventri
tion of time. Sketch the graph wiversus tis this graph a straight cle of the heart into the arteries is constrained to a series of con
line? (c) Use your result from part (b) to calculate the speed of §iious, branching vessels as it passes through the capillaries and
car att = 5.00 < (d) Calculate the distance the car travels behen into the veins as it returns to the heart. The blood in each of

tweent = 0 andt = 5.00 « the heart’s four chambers comes briefly to rest before it is ejected
by contraction of the heart muscle.
CHALLENGE PROBLEMS 2.90 If the contraction of the left ventricle lasts 250 ms and the

speed of blood flow in the aorta (the large artery leaving the heart)

2.87 --- Inthe vertical jump, an athlete starts from a crouch and o go 135 at the end of the contraction, what is the average

jumps upward as high as possible. Even the best athletes spendhjeration of a red blood cell as it leaves the hearsa (a2
little more than 1.00 s in the air (their “hang time”). Treat the at ) 31 mp; (€) 3.2 M2 (d) 0.32 M.
lete as a particle and Igka, be his maximum height above the; g1 it the aorta (diameteds,) branches into two equal-sized

floor. To explain why he seems to hang in the air, calculate thferies with a combined area equal to that of the aorta, what is

ratio of the time he is abowyg,c2 to the time it takes him t0 90 {1 a diameter of one of the branches?X(a; (b) dy>1 2; (c) 2ds;
from the floor to that height. Ignore air resistance. d) d,>2.

2.88 --- Catching the Bus. A student is running at her top, 9o The velocity of blood in the aorta can be measured directly
speed of5.0 nPs to catch a bus, which is stopped at the bus sty itrasound techniques. A typical graph of blood velocity ver
When the student is still 40.0 m from the bus, it starts to pléujs time during a single heartbeat is shown in Fig. P2\gich
away, moving with a constant acceleratior0dt70 ms”. (@) FOr  giatement is the best interpretation of this graph? (a) The blood
how much time and what distance does the student have to rugaf changes direction at about 0.25 s; (b) the speed of the blood
5.0 nps before she overtakes the bus? (b) When she reachesghig pegins to decrease at about 0.10 s; (c) the acceleration of the

bus, how fast is the bus traveling? (c) Sketch-agraph for both 4 ig greatest in magnitude at about 0.25 s; (d) the acceleration
the student and the bus. Take= 0 at the initial position of the ¢ iha biood is greatest in magnitude at about 0.10 s.

student. (d) The equations you used in part (@) to find the time
have a second solution, corresponding to a later time for which I._he

. . . igure P2.92
student and bus are again at the same place if they continue their
specified motions. Explain the significance of this second- solu

(%]
tion. How fast is the bus traveling at this point? (e) If the student’s l,é, (1)2
top speed i8.5 nPs, will she catch the bus? (f) What is the mini >
mumspeed the student must have to just catch up with the bus? 8 0.6
For what time and what distance does she have to run in that case? $ 04
2.89 --- Aball is thrown straight up from the edge of the roof of § 0.2
a building. A second ball is dropped from the roof 1.00 s later. o
Ignore air resistance. (a) If the height of the building is 20.0 m, 0 025 050 075 1.00
what must the initial speed of the first ball be if both are to hit the Time (s)

ground at the same time? On the same graph, sketch the positions
of both balls as a function of time, measured from when the first
ball is thrown. Consider the same situation, but now let the initial
speedvy of the first ball be given and treat the heighof the
building as an unknown. (b) What must the height of the building
be for both balls to reach the ground at the same timev§ (§

6.0 nPs and (ii) vg is 9.5 nPs? (C) If vq is greater than some value
Vmax NO Value of h exists that allows both balls to hit the ground at
the same time. Solve fof,. The valuerya, has a simple physical
interpretation. What is it? (d) i is less than some valug,, no
value of h exists that allows both balls to hit the ground at the
same time. Solve for,i,. The valuevy, also has a simple physical
interpretation. What is it?
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Answers

?

Chapter Opening Question H

(iii) Acceleration refers to anghange in velocity, including both atR, a, = 0 (velocity is not changing; and atS a, 7 0 (velocity

speeding up and slowing down.

Test Your Understanding Questions

2.1 (a): (iv), (i) and (iii) (tie), (v), (ii); (b): (i) and (iii); (): (v) In
(@ the average-welocity isv,yx = x> t. For all five trips, t =

1 h. For the individual trips, (i) x = +50 km vg,x = +50 kmbh;
(i) x=-50km vy, x=-50knrh; (i) x=60km- 10 km=
+50 km vy, x = +50 knPh; (V) X =+70km vy, = +70 knph;
V) x=-20km+ 20 km = 0,Vy,x = 0.In (b) both haver,, « =
+50 knrPh.

2.2 (@ P,Qand S (tie),R Thex-velocity is (b)pacsitive when
the slope of the-k graph is positiveR), (c) negative when the
slope is negativeR), and (d)zero when the slope is ze@ &nd S).

isincreasing,i.e., changing from negative to zero to positive).

2.4 (b) The officers x-aceleration is constant, so her@
graph is a straight line. The motorcycle is moving faster than the
car when the two vehicles meetat 10 s

2.5 (@) (i) Use Eq. (2.13) with xeplaced by yanda, = - g;

vy = vo,2- 2gly - Y2 The starting height isjp = 0 and

the y-velocity at the maximum height = his vy = 0, s00 =

Voy? - 2ghandh = vo,%2g. If the initial y-velocity is increased

by a factor of 2, the maximum height increases by a factor of
2° = 4 and the ball goes to heightt.4b) (v) Use Eq. (2.8) with x
replaced by yanda, = - g; vy = Vo, - gt The yvelocity at the
maximum height isy, = 0,500 = vg, - gtandt = vp~g. If the
initial y-velocity is increased by a factor of 2, the time to reach

(€)R, P, Qand S (tie) The speed is greatest when the slope of thBe maximum height increases by a factor of 2 and becomes 2
x-t graph is steepest (either positive or negative) and zero whieh (i) The acceleratioa, is equal to the slope of thge graph.

the slope is zero.

If ay is increasing, the slope of tlwg t graph is also increasing

2.3 (a) S, where the x graph is curved upward (concave up)@nd the graph is concave up.
(b) Q, where the % graph is curved downward (concave down).

(c) P and R, where the % graph is not curved either up or down

(d) At P, a, = 0 (velocity is not changing; atQ, a, 6 0 (veloc

Bridging Problem

ity is decreasingj.e., changing from positive to zero to negativefy = 57.1 n



f) If a cyclist is going around

= acurve at constant speed,
is he accelerating? If so, what
is the direction of his accel-
eration? (i) No; (ii) yes, in the
direction of his motion; (iii) yes,
toward the inside of the curve;
(iv) yes, toward the outside of
the curve; (v) yes, but in some
other direction.

3 MOTION IN TWO OR
THREE DIMENSIONS

LEARNING GOALS hat determines where a batted baseball lands? How do you describe
Looking forward at ... the motion of a roller coaster car along a curved track or the flight of a
31 How to use vectors to represent the position circling hawk? Wh|ch_h|ts the ground first: a baseball that you simply

and velocity of a particle in two or three  dfOP OF one that you throw horizontally?

dimensions. We can't answer these kinds of questions by using the techniques of Chapter 2,
3.2 How to find the vector acceleration ofa  in which particles moved only along a straight line. Instead, we need to extend

particle, why a particle can have an accelergur descriptions of motion to two- and three-dimensional situations. We’'ll still

tion even if its speed is constant, and how ;56 the vector quantities displacement, velocity, and acceleration, but now these

to interpret the components of acceleration uantities will no longer lie along a single line. We'll find that several important
parallel and perpendicular to a particle’s q 9 g g . p

path. kinds of motion take place in two dimensions only—that is, in a plane.
3.3 How to solve problems that involve the We also need to consider how the motion of a particle is described by different
curved path followed by a projectile. observers who are moving relative to each other. The concept of relative velocity
3.4 How to analyze motion in a circular path, ~Will play an important role later in the book when we explore electromagnetic
with either constant speed or varying phenomena and when we introduce Einstein’'s special theory of relativity.
speed. This chapter merges the vector mathematics of Chapter 1 with the kinematic

3.5 How to relate the velocities of a moving
body as seen from two different frames of
reference.

language of Chapter 2. As before, we're concerned with describing motion, not
with analyzing its causes. But the language you learn here will be an essential
tool in later chapters when we study the relationship between force and motion.
Looking back at ...

21 Averagecvelocity. 3.1 POSITION AND VELOCITY VECTORS

2.2 Instantaneous-velocity.

2.3 Average and instantaneousgceleration. | et's see how to describe a particle’s motion in space. If the particle is at a point P
2.4 Straight-line motion with constant at a certain instant, the position vectbrof the particle at this instant is a vector
acceleration. _ _ that goes from the origin of the coordinate system to pofftd® 3.1on next page).
2.5 The motion of freely falling bodies. The Cartesian coordinatesyxand z of point P are the, ¥-, and zcomponents
of vectort. Using the unit vectors we introduced in Section 1.9, we can write

Position vector of a
particle at a given instant ¢ il ye R Coo_rdlr]ates c_Jf (3.1)
. ) . particle’s position

Unit vectors in x-, y-, and z-directions

67
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3.1 The position vectot from origin O to
point P has componentsy and z

y
Position P of a particle

at a given time has
Yy  coordinates x, y, z.

Position vector of point P
has components x, y, z:

Poxda ya zR

3.2 The average velocity,, between

pointsP; andP; has the same direction as

the displacement T.

y Position at time,t
P2 1
Vav t
h2 ¥ Displacement
. vector F points
f1 from P, to P,.
0 P1

Position at timejt

X
Particle’s path

3.3 The vectors/; andv, are the instan-
taneous velocities at the poirRsandP,
shown in Fig. 3.2.

y

P,
The instantaneous
velocity vector’v is
tangent to the path
at each point.

121

O Py

Particle’s path

CHAPTER 3 Motion in Two or Three Dimensions

During a time interval t the particle moves fronP;, where its position
vector isty, to P, where its position vector . The change in position (the dis-
placement) during this interval ist ¥, F; 1% - x20 1y - y;28
1z, - 7z 2R. We define the average velocity,, during this interval in the same
way we did in Chapter 2 for straight-line motion, as the displacement divided by
the time interval ig. 3.2:

Change in the particle’s position vector

Average velocity vector ¢ t S Final position
of a particle during time \S/av 2 1 minus initial (3.2)
interval from{to t, t L-14 position

Time interval Final time minus initial time

Dividing a vector by a scalar is a special case of multiplgingctor by a
scalar, described in Section 1.7; the average veldigitis equal to the displace
ment vector ¥ multiplied by 1> t. Note that the xxomponent of Eq. (3.2) is
Vav-x = 1% - X 221b - ;2 = x> t. Thisis just Eqg. (2.2), the expression for
average ¥elocity that we found in Section 2.1 for one-dimensional motion.

We now define instantaneous velocity just as we did in Chapter 2: It equals
the instantaneous rate of change of position with time. The key difference is that

both positiont and instantaneous velocityare now vectors:

The instantaneous velocity s Sr

‘ . df
vector of a particle ... \Y lim
tSo t dt

... equals the limit of its average velocity
vector as the time interval approaches zero ...

(3.3)

... and equals the instantaneous rate
of change of its position vector.

At any instant, thenagnitudeof ¥ is the speed of the particle at that instant, and
thedirectionof V is the direction in which the particle is moving at that instant.

As tS 0, pointsP, andP; in Fig. 3.2 move closer and closer together. In
this limit, the vector ¥ becomes tangent to the path. The directioniofn this
limit is also the direction o¥. Soat every point along the path, the instanta
neous velocity vector is tangent to the path at that p&iigt 3.3.

It's often easiest to calculate the instantaneous velocity vector by using
components. During any displacemerit, the changes x, y, and zin the
three coordinates of the particle are twmponentof . It follows that the

components, vy, andv, of the instantaneous velocity v, d vy v KR are
simply the time derivatives of the coordinatey,>and z
Each component of a particle’s instantaneous velocity vector ...
v—dx V_dy v—dZ (3.4)
X dt Yo dt 2 dt '

... equals the instantaneous rate of change of its corresponding coordinate.

Thex-component o/ is v, = dx=dt, which is the same as Eq. (2.3) for straight-
line motion (see Section 2.2). Hence Eq. (3.4) is a direct extension of instanta-
neous velocity to motion in three dimensions.
We can also get Eq. (3.4) by taking the derivative of Eq. (3.1). The unit vectors
d 8 andK don't depend on time, so their derivatives are zero and we find
s df  dx dy dz
a e KR
Yoodt odtl dtt ot
This shows again that the component$ afredx>dt, dy>dt, anddz=dt.
The magnitude of the instantaneous velocity vegtethat is, the speed—is
given in terms of the componemntg vy, andv, by the Pythagorean relation:

(3.5)

2

G0=v=2v2+v2+v, (3.6)
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Figure 3.4shows the situation when the particle moves in thglaye. In this 3.4 The two velocity components for
case, z and, are zero. Then the speed (the magnitude motion in the xyplane.

The instantaneous velocity vector

— 2 2
V=2 v+ Vy is always tangent to the path.

y
and the direction of the instantaneous velotitg given by anglex (the Greek .
) . S
letter alpha) in the figure. We see that vy Particle’s path in
vy the xy-plane
tana = (3.7)
Vy a
(We usea for the direction of the instantaneous velocity vector to avoid eonfu Vx
sion with the directiom of the positionvector of the particle.) N

From now on, when we use the word “velocity,” we will always mean the® v .and yare the x- and y-
instantaneouselocity vector (rather than the average velocity vector). Usually, ~ components ofv.
we won't even bother to call a vector; it’s up to you to remember that velocity is
a vector quantity with both magnitude and direction.

CALCULATING AVERAGE AND INSTANTANEOUS VELOCITY

NOILN10S

A robotic vehicle, or rover, is exploring the surface of Mars. THEXECUTE(a) Att = 2.0 < the rover’s coordinates are
stationary Mars lander is the origin of coordinates, and the sur _ g 2=
rounding Martian surface lies in thg-plane. The rover, which we x=20m- 1025 ms2R2.02" = 1.0m
represent as a point, hasaxd ycoordinates that vary with time: y = 1.0 Ps212.0 2 + 10.025 ms22.0 2 = 22 m
X =20m- 10.25 nps?x?
y = 11.0 mps2t + 10.025 m>s*23

(@) Find the rover's coordinates and distance from the lander at
t = 2.0 s (b) Find the rover’s displacement and average velocity (b) To find the displacement and average velocity over the given
vectors for the interval = 0.0stot = 2.0 s (¢) Find a general time interval, we first express the position vedtas a function of
expression for the rover’s instantaneous velocity vect@xpress timet. From Eq. (3.1) this is

V att = 2.0 < in component form and in terms of magnitude and
direction.

The rover's distance from the origin at this time is

r=2x>+y>=2@A0mf+122n*=24m

Foxa ye
2.0m- 10.25 np<22t24a

SOLUTION
311.0 nPs2t + 10.025 ms32t34e

IDENTIFY and SET UP:This problem involves motion in two -di

mensions, so we must use the vector equations obtained in Ais = 0.0 < the position vectory is

section Figure 3.5 shows the rover’s path (dashed line). We'll use

Eq. (3.1) for positiort, the expressiont ¥, T4 for displace fo 120n2d 10.0 nee
ment, Eqg. (3.2) for average velocity, and Egs. (3.5), (3.6), and (fdm part (a), the position vectbratt = 2.0 <is
for instantaneous velocity and its magnitude and direction.

¥, 11.0n2d 12.2nPa
3.5 Att = 0.Cs the rover has position veciigrand instantaneous

velocity vectorv,. Likewise, t; andv; are the vectors at The displacement from= 0.0 <tot = 2.0 <is therefore
t = 1.0 s ¥, andv, are the vectors at= 2.0 s P b, o 11.0n20 122n2e  12.0 nix
y (m) ¥, 1-10n2d 12.2nPe
25 a = 128° During this interval the rover moves 1.0 m in the negative
x-direction and 2.2 m in the positivedyrection. From Eqg. (3.2),
, t=20s the average velocity over this interval is the displacement divided
0 by the elapsed time:
15 i, ¥, s P 1-10npd 12.2ne
v
&t 20s- 00s
t=10s .
10 Rover's path 1- 0.50 nps2d  11.1 28
f
05 ' Vo The components of this average velocity #gs = - 0.50 nPs
5 t=00s andv,g = 1.1 nps.
0
x (m)

(o] 05 10 15 20 Continued
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(c) From Eq. (3.4) the components of instantaneeelscity
are the time derivatives of the coordinates:

v = X2 1. 0.5 o2
dt
d
vy = di/ = 1.0 nps + 10.025 mps’213t%2

Hence the instantaneous velocity vector is
Vovad ve
1- 0.50 mps?2td  31.0 m>s + 10.075 nps*2%4B
Att = 2.0 « the velocity vectok, has components
Voy = 1- 0.50 nPs222.0 2 = - 1.0 mbs

Vpy = 1.0 1ps + 10.075 ms212.0 €2 = 1.3 mPs

Figure 3.5 shows the direction of velocity vedtgy which is at an
anglea betweer@0 and180 with respect to the positiveaxis.
From Eg. (3.7) we have

Vy 1.3
arctan °~ = arctan = -52
Vy -1.0nnPs

This is off by180; the correct value ia = 180 - 52 = 128,
or 38 west of north.

EVALUATE: Compare the components of averagsocity from
part (b) for the interval fromt = 0.0¢ to t = 2.0 Slvyg =
- 0.50 nPs, vy = 1.1 mPs2 with the components dhstanta
neousvelocity att = 2.0 < from part (C)lvy = - 1.0 nPs, vy, =
1.3 mPs2. Just as in one dimension, the average velocity v&gtor
over an interval is in general nequal to the instantaneous
velocity V at the end of the interval (see Example 2.1).

Figure 3.5 shows the position vectdrand instantaneous veloc

The magnitude of the instantaneous velocity (that is, the speedyatectorsy att = 0.0, 1.0 s, and 2.0 s. (Calculate these quanti

t=20¢is
2 vp? + vp? = 2 1- 1.0 mps2 + 11.3 mps?
= 1.6 mPs

Vo =

TEST YOUR UNDERSTANDING OF SECTION 3.1

ties fort = 0.0 sandt = 1.0 s) Notice that is tangent to the path
at every point. The magnitude ®fincreases as the rover moves,
which means that its speed is increasing.

In which of these situations

would the average velocity vectdi, over an interval be equal to the instantaneous
velocity V at the end of the interval? (i) A body moving along a curved path at constant
speed; (ii) a body moving along a curved path and speeding up; (iii) a body moving
along a straight line at constant speed; (iv) a body moving along a straight line and

speeding up.

3.2 THE ACCELERATION VECTOR

Now let’s consider the acceleratiaof a particle moving in space. Just as for
motion in a straight line, acceleration describes how the velocity of the particle
changes. But since we now treat velocity as a vector, acceleration will describe
changes in the velocity magnitude (that is, the speedchadges in the direc-
tion of velocity (that is, the direction in which the particle is moving).

In Fig. 3.6 a car (treated as a particle) is moving along a curved road. Vectors
V4 andV, represent the car’s instantaneous velocities at tinvehen the car is

>

3.6 (a) A car moving along a curved road frd®to P,. (b) How to obtain the change in velocityy Vo, V4
by vector subtractior(c) The vector’,, v/ trepresents the average acceleration betwgandP,.

@ (b) (©

vy V2 ¥,
g P2 P, P,
Vq .
. ) Vi v,
This car accelerates by slowing S s s s
while rounding a curve. (Its 1 vV.oVa N
instantaneous velocity changes in S
P both magnitude and direction. \Y
1 g ) Py ¥, Py v 8oy t

To nd the car's average acceleration between
P, and B, we rst nd the change in velocity
v’by subtracting V; from ¥,. (Notice that

S, S S
Vi Vv V5.)

The average acceleration has the same direction
as the change in velocity,” v.
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at pointP;, and at time,, when the car is at poif}. During the time interval
from 1, to 1, the vector change in velocityis Vv, V,s0Vy, Vg v
(Fig. 3.6b). The average acceleratiay, of the car during this time interval is

the velocity change divided by the time interigat t; =

Change in the particle’s velocity DEMO
Average accele_ratlon s s s Final velocity
vector of a particle s \ Vo V3, . -
: . . minus initial (3.8)
during time interval \ t t, -t . '
2 1 velocity
fromt tot, )
Time interval Final time minus initial time 3.7 (a) Instantaneous acceleratiarat

point Py in Fig. 3.6.(b) Instantaneous ac
celeration for motion along a straight line.
Average acceleration is a vectprantity in the same direction a¥ (Fig. 3.6¢).

The x-component of EqQ. (3.8) ifg,. x = 1wy - V2l - 112 = v t,

(a) Acceleration: curved trajectory

which is just Eq. (2.4) for average acceleration in straight-line motion. To nd the instantaneous ¥,
As in Chapter 2, we define the instantaneous acceleraio@a vectorquan gczie;erat'ons P,
tity) at point P, as the limit of the average acceleration vector when pg&int e V1 we take the limit of &
approaches poi, so both vV and t approach zerdg. 3.7): as B, approaches P..
The instantaneous IRV v Py
acceleration vector lim (3.9
of a particle ... tS0 t dt
21

... equals the limit of its average acceleration ... and equals the instantaneous rate

S . ; ... meaning that ‘v and t
vector as the time interval approaches zero ... of change of its velocity vector.

approach 0.
The velocity vectok is always tangent to the particle’s path, but the instanta- PL & tim v
neous acceleration vectdrdoesnot have to be tangent to the path. If the path is 50 t
curved,a points toward the concave side of the path—that is, toward the inside Acceleration points to
of any turn that the particle is making (Fig. 3.7a). The acceleration is tangent to concave side of path.

the path only if the particle moves in a straight line (Fig. 3.7b).
(b) Acceleration: straight-line trajectory

Any particle following a curved path is acceleratfhen a particle is mev oy if the trajectory is
S,

ing in a curved path, it always has nonzero acceleration, even when it moves with constantght line ... v,

speed. This conclusion is contrary to the everyday use of the word “acceleration” to P

mean that speed is increasing. The more precise definition given in Eq. (3.9) shows that 2 s

there is a nonzero acceleration whenever the velocity vector changes wwagny 2 v 3 lim v

whether there is a change of speed, direction, or both. b S0t
1

... Is the acceleration

. . . . . tangent to the trajectory.
To convince yourself that a particle is accelerating as it moves a

curved path with constant speed, think of your sensations when you ridein a
car..When the car accelera.tes, you tend to move inside the car i'n a direetion ORpplication  Horses on a Curved
posite to the car’s acceleration. (In Chapter 4 we'll learn why this is s0.) ThUS Q4 By leaning to the side and hitting the
tend to slide toward the back of the car when it accelerates forward (Speedgrd¢h with their hooves at an angle, these
and toward the front of the car when it accelerates backward (slows down). Ifithees give themselves the sideways
car makes a turn on a level road, you tend to slide toward the outside of the 3¢fi§jeration necessary to make a sharp
hence the car is accelerating toward the inside of the turn. change in direction.

We'll usually be interested in instantaneous acceleration, not average-acceler
ation. From now on, we'll use the term “acceleration” to mean the instantaneous
acceleration vectdi

Each component of the acceleration vector a/ a8 a,k is the
derivative of the corresponding component of velocity:

Each component of a particle’s instantaneous acceleration vector ...
dvy dvy dv, (310
= = a, = 1
T g YT oat 2T oat

... equals the instantaneous rate of change of its corresponding velocity component.
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3.8 When the fingers release the arrow, its In terms of unit vectors,
acceleration vector has a horizontal com-

i v dv. av. av
ponentla,2 and a vertical componefiby,2. 5 Xq y B Zp (3.11)
% dat dt dt dt
8y The x-component of Egs. (3.10) and (3.14),= dv,=dt, is just Eq. (2.5) for in
stantaneous acceleration in one dimension. FiguresBd8vs an example of an
a, acceleration vector that has bottaxd ycomponents.

Since each component of velocity is the derivative of the corresponding
coordinate, we can express the componegtsy, anda, of the acceleration
vectora as

d?x d?y d?z

ay = a = 42 a, = 42 (3.12)

(%]
]
—
CALCULATING AVERAGE AND INSTANTANEOUS ACCELERATION g
=z
Let’s return to the motions of the Mars rover in Example 3.Hence the instantaneous acceleration vecttrtime t is
(a) Find the components of the average acceleration for the inter
valt = 0.0<tot = 2.0 s (b) Find the instantaneous acceleration a ad a8 1-0.50 20 10.15 "2t
att = 20s At t = 2.0 < the components of acceleration and the acceleration
vector are
SOLUTION a = -050 s  a, = 10.15Ms212.0 2 = 0.30 m<?
IDENTIFY and SET UP:In Example 3.1 we found the components
of the rover’s instantaneous velocity at any time t & 1-050 s 10.30 ms'28
dx The magnitude of acceleration at this time is
Vg = . = 1- 0.25 nps?212t2 = 1- 0.50 ms*2t
dt a=2a’+a’
d
vy = di' = 1.0 s + 10.025 ms213t%2 = 2 1- 0.50 M2 + 10.30 ms?? = 0.58 mps?
= 1.0 s + 10.075 ms32t2 A sketch of this vectorHig. 3.9 shows that the direction andte

of & with respect to the positiveaxis is betwee®0 and180.
We'll use the vector relationships among velocity, average acqefom Eq. (3.7) we have

eration, and instantaneous acceleration. In part (a) we determine

the values of, andvy at the beginning and end of the interval and arctanay = arctan 0.30 ms’ = .31

then use Eq. (3.8) to calculate the components of the average ay - 0.50 n¥s

acceleration. In _part (b) we obtain expressions for the 'nStar]EFénceb - 180 + 1-312 = 149

neous acceleration components at any time t by taking the time

derivatives of the velocity components as in Egs. (3.10).

3.9 The path of the robatic rover, showing the velocity and

EXECUTE:(@) In Example 3.1 we found thattat 0.0 < the velocity acceleration at = 0.0 < 1o and%2, t = 1.0 ¢ 1¥; and3,2, and

components are t = 2.0 <1V, and2y,2.
vy = 0.0 nPs vy = 1.0 nPs g a = 128°
) =
and that at = 2.0 < the components are y (m) b = 149°
vy = - 1.0nPs Vy = 1.3 nps 25 %
: 2
Thus the components of average acceleration in the interval ‘=20
t=0.0¢tot = 2.0 care 2.0 = &0s
Vy -1.0nPs- 0.0nPs
= = = - 0.50 ms? , o
G =y 20s- 0.0s 13 3,
Vy _13nPs- 1.0mbs 1.0 Rover's path
= = =0.1 . t=10s
G =y 20s- 005 - 015M
. . Yo
(b) Using Egs. (3.10), we find 0.5 < 00
= 00s
= M 050 me? = M 2 10075 me2mn > x (m)
g T YT T o] 05 10 15 20
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EVALUATE:Figure 3.9 shows the rover’s path and the velocity amtirection at any of these times. The velocity vestis tangent to
acceleration vectors at= 0.0 s 1.0 s, and 2.0 s. (Use the resultshe path at each point (as is always the case), and the acceleration
of part (b) to calculate the instantaneous acceleratibrsad.0 ¢  vectora points toward the concave side of the path.

andt = 1.0 < for yourself)) Note that anda are notin the same

3.10 The acceleration can be resolved
Parallel and Perpendicular Components of into a componend parallel to the path
Acceleration (that is, along the tangent to the path) and
a componendy perpendicular to the path
Equations (3.10) tell us about the components of a particle’s instantaneoughagis, along the normal to the path).
celeration vectod along the x y-, and zaxes. Another useful way to think about
a is in terms of one component paraltel the particle’s path and to its veloc- Tangent to path at P
ity v, and one componeperpendicularto the path and t& (Fig. 3.1Q. That's Component of v
because the parallel componegtells us about changes in the particle’'s speegparaliel to
while the perpendicular componest tells us about changes in the particle’sie path
direction of motionTo see why the parallel and perpendicular componeris of
have these properties, let’s (_:onsider tWO _special cases. _ P 5
In Fig. 3.11athe acceleration vector is in the same direction as the velagity

Particle’s path

> . . S Normal to
soa has only a p_aral_lel compone_itt(that is,ay = 0). '_I'he :/elomty change v a’f path at P
during a small time interval t is in the same direction @and hence in the Component of a
same direction ag;. The velocityV, at the end of t is in the same direction perpendicular to the path

asV, but has greater magnitude. Hence during the time intervétie particle
in Fig. 3.11a moved in a straight line with increasing speed (compare Fig. 3.7b).
In Fig. 3.11b the acceleration is perpendicular to the velocity bas only 311 The effect of acceleration directed
a perpendicular componeag (that is,ag= 0). In a small time interval t, the & p_alrayllel t|° angb) perpendicular to a
velocity change V is very nearly perpendicular o, and sov; andV, have particles velocity.
different directions. As the time interval approaches zero, the anglén the (&) Acceleration parallel to velocity
figure also approaches zeroy becomes perpendicular to b&thandV,, andV;  changes only magnitude s
andV, have the same magnitude. In other words, the speed of the particle stayiscity: speed changes;
the same, but the direction of motion changes and the path of the particle cuf&§tion doesn't. 2
In the most general case, the acceleraiitias bottcomponents parallel and a
perpendicular to the velocity, as in Fig. 3.10. Then the particle’s speed will
change (described by the parallel comporghandits direction of motion will
chaqge (described by the p_erpendic_ular compagent . . (b) Acceleration perpendicular to velocity
Figure 3.12shows a particle moving along a curved path for three situations:
constant speed, increasing speed, and decreasing speed. If the speed is corstatie only direction of & v

2 [} : \Y
S - > - | ty: ticle foll 1
ais perpendicular, or normal the path and t® and points toward the concave < oY baricie 17ows

. . e . . . turved path at constant f
side of the path (Fig. 3.12a). If the speed is increasing, there is still a perggag.
dicular component o, but there is also a parallel component with the same Vo, YV
direction asv (Fig. 3.12b). Thefd points ahead of the normal to the path. (This 5
was the case in Example 3.2.) If the speed is decreasing, the parallel-compo
nent has the direction opposite tpand points behind the normal to the
path (Fig. 3.12c; compare Fig. 3.7a). We will use these ideas again in Section 3.4
when we study the special case of motion in a circle.
PhET:Maze Game
3.12 Velocity and acceleration vectors for a particle moving through a point P on
a curved path witlia) constant speegh) increasing speed, afic) decreasing speed.
(a) When speed is constant along a curved (b) When speed is increasing along a curved (c) When speed is decreasing along a curved
path ... path ... path ...
v v v
o ... acceleration points
. acceleration is ahead of the normal. ... acceleration points
P normal to the path. P P behind the normal.
&
&

Normal at P
a

Normal at P Normal at P
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(%)
o

CALCULATING PARALLEL AND PERPENDICULAR COMPONENTS OF ACCELERAT%ON
=z

For the rover of Examples 3.1 and 3.2, find the parallel and peri3 The parallel and perpendicular components of the accelera-
pendicular components of the accelerationat2.0 s tion of the rover at = 2.0 s

<n

SOLUTION

IDENTIFY and SET UP:We want to find the components of the ac
celeration vectoh that are parallel and perpendicular to velocity

vectorV. We found the directions & anda in Examples 3.1 and op g Pavaliel component of acceleration
3.2, respectively; Fig. 3.9 shows the results. From these directions &
we can find the angle between the two vectors and the compo Perpendicular Position of rover at £ 2.0 s

nents ofa with respect to the direction &f component of acceleration %  Path of rover

EXECUTE:From Example 3.2, dt= 2.0 < the particle has an ac
celeration of magnitude.58 n¥s” at an angle 0f49 with respect

to the positive yaxis. In Example 3.1 we found that at this time th ,\/ALQATE:Ihe r;]grﬂllel compﬁnen;( 1S posO:u.ve. (in thg sameh.
velocity vector is at an angle @28 with respect to the positive . irection asv), which means that the speed is increasing at this

x-axis. The angle betwedrandy is thereforel49 - 128 = 21 instant. The valueag= +0.54 m<? tells us that the speed is

(Fig. 3.13. Hence the components of acceleration parallel affif©@siN9 at this instant ata rate b4 mrs per second. The_
perpendicular t& are perpendicular componesy; is not zero, which means that at this

instant the rover is turning—that is, it is changing direction and
ag= acos 21 = 10.58 ms’2cos 21 = 0.54 ms following a curved path.

as = asin 21 = 10.58 m<?2sin 21 = 0.21 ms

ACCELERATION OF A SKIER

NOILNT0S

A skier moves along a ski-jump rampid. 3.143. The ramp is 3.14 (a) The skier’s pathb) Our solution.
straight from point A to point C and curved from point C onwarga)

The skier speeds up as she moves downhill from poitd A"~ A

point E, where her speed is maximum. She slows down after pass

ing point E Draw the direction of the acceleration vector at each Direction

of the points BD, E, and F of motion

SOLUTION

Figure 3.14b shows our solution. At poBtthe skier is moving
in a straight line with increasing speed, so her acceleration points
downhill, in the same direction as her velocity. At point&EPand F (b)
the skier is moving along a curved path, so her acceleration has
a component perpendicular to the path (toward the concave side
of the path) at each of these points. At point D there is also an D E
acceleration component in the direction of her motion because E
she is speeding up. So the acceleration vector points ahead of the
normal to her path at point.[At point E, the skier’s speed is
instantaneously not changing; her speed is maximum at this point,
so its derivative is zero. There is therefore no parallel component
of &, and the acceleration is perpendicular to her motion. At point F
there is an acceleration component opposite to the direction of
her motion because she’s slowing down. The acceleration vector
therefore points behind the normal to her path.

In the next section we’ll consider the skier’s acceleration after
she flies off the ramp.
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TEST YOUR UNDERSTANDING OF SECTION 3.2 A sled travels over the crest of 3
a srow-covered hill. The sled slows down as it climbs up one side of the hill and gains 2 4
speed as it descends on the other side. Which of the vectors (1 through 9) in the figure 1 5
correctly shows the direction of the sled’s acceleration at the crest? (Choice 9 is that the Sled's path
acceleration is zero.) 8 6
7

or 9: acceleratiors 0

3.3 PROJECTILE MOTION

A projectile is any body that is given an initial velocity and then follows a path
determined entirely by the effects of gravitational acceleration and air resistance.
A batted baseball, a thrown football, and a bullet shot from a rifle are all projec-
tiles. The path followed by a projectile is called its trajectory. DEMO
To analyze the motion of a projectile, we'll use an idealized model. We'll
represent the projectile as a particle with an acceleration (due to gravity) that
is constant in both magnitude and direction. We'll ignore the effects of air
resistance and the curvature and rotation of the earth. This model has limita-tp trajectory of an idealized
tions, however: We have to consider the earth’s curvature when we studyijectile.
flight of long-range missiles, and air resistance is of crucial importance to a. QSPKFDUJMF NPWFT JO B WFSL
sky diver. Nevertheless, we can learn a lot from analysis of this simple modekontains the initial velocity vectdgy
For the remainder of this chapter the phrase “projectile motion” will implyr *UT USBKFDUPSZ,&HQFOET POM?
that we're ignoring air resistance. In Chapter 5 we'll see what happens whe#i! the downward acceleration due to gravity.
air resistance cannot be ignored. Y
Projectile motion is always confined to a vertical plane determined by the ¢ Trajectory
direction of the initial velocityKig. 3.15. This is because the acceleration due 0
to gravity is purely vertical; gravity can't accelerate the projectile sideways. Thus a,= 0,3 = g
projectile motion is two-dimensionaWe will call the plane of motion the X
xy-coordinate plane, with theaxis horizontal and the-gxis vertically upward. ©
The key to analyzing projectile motion is that we can treat thanx
y-coordinates separately. Figure 3.lMkustrates this for two projectiles: a red
ball dropped from rest and a yellow ball projected horizontally from the same
height. The figure shows that the horizontal motion of the yellow projectile; tyq red ball is dropped from rest,
hasno effect on its vertical motion. For both projectiles, theoxnponent of and the yellow ball is simultaneously
acceleration is zero and thecgmponent is constant and equal-tg. (By projected horizontally.
definition, g is always positive; with our choice of coordinate directions,
ay is negative.) So we can analyze projectile motion as a combination of
horizontal motion with constant velocity and vertical motion with constant
acceleration.
We can then express all the vector relationships for the projectile’s position,
velocity, and acceleration by separate equations for the horizontal and vertical
components. The componentsacdire

a, =0 ay=-¢ (projectile motion, no air resistance)(3.13)

Since both the-acceleration and-gcceleration are constant, we can use Egs. (2.8),
(2.12), (2.13), and (2.14) directly. Suppose that at time0 our particle is at the
point 1, yo2 and its initial velocity at this time has componengsandvg,. The
components of acceleration ag= 0,a, = - y. Considering the-rotion first,

we substitute O foa, in Egs. (2.8) and (2.12). We find

Vx = Vox (3.14)
X = Xg + Vit (3.15)
For the ymotion we substitute y for, )lnyI’VX, VOyforVOx’ anday = - yforay: r"U BOZ UJNF UIF UXP CBMMT IBWE
x-coordinates and x-velocities but the same
Vy = Vgy - gt (3.16) y-coordinate, y-velocity, and y-acceleration.

1.2 r 5lF IPSJ[POUBM NPUJPO PG UIF ZI
y:y0+V0yt- >0t (3.17) OP FGGFDU PO JUT WFSUJDBM NP
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3.17 If air resistance is negligible, the trajectory of a projectile is a combination of horizontal motion with
constant velocity and vertical motion with constant acceleration.

y
S,
Vi
Vly a
Vix
S
Vo
VOy
ao
O Vox
Vox Vix

At the top of the trajectory, the projectile has zero vertical
velocity (v, = 0), but its vertical acceleration is still -g.

S,

Vo

Vly . . .
Vertically, the projectile
a Vg is in constant-acceleration
Yy V3 motion in response to the
earth’s gravitational pull.
ay = -9 Thus its vertical velocity
changes by equal amounts

Voy during equal time intervals.

Vox Vix

Horizontally, the projectile is in constant-velocity motion: Its horizontal acceleration
is zero, so it moves equal x-distances in equal time intervals.

3.18 The initial velocity componentg,
andvgy of a projectile (such as a kicked
soccer ball) are related to the initial spee
vg and initial anglexg.

y
S
Vo
X
(0]
y
S,
Vo
Voy = VgSin g
ao
X
Vox = VoCOS &
DEMO DEMO DEMO

PhET: Projectile Motion

It's usually simplest to take the initial positidat t= 02 as the origin; then
dxo = yp = 0. This might be the position of a ball at the instant it leaves the hand

of the person who throws it or the position of a bullet at the instant it leaves the
gun barrel.

Figure 3.17 shows the trajectory of a projectile that starts at (or passes
through) the origin at timé = 0, along with its position, velocity, and velocity
components at equal time intervals. Thelocity vy is constant; the-yelocity vy,
changes by equal amounts in equal times, just as if the projectile were launched
vertically with the same initial-yelocity.

We can also represent the initial velodity by its magnituder, (the initial
speed) and its angley with the positive saxis (Fig. 3.189. In terms of these
quantities, the componentg, andv, of the initial velocity are

Vox = VgCO0Sag Voy = VoSinag (3.18)

If we substitute Egs. (3.18) into Egs. (3.14) through (3.17) ang sety, = O,
we get the following equations. They describe the position and velocity of the
projectilein Fig. 3.17 at any time t

X = 1lvgcosap2t (3.19)
Coordinates at time t of
a projectile (positive Speed Direction )
y-direction is upward, att=0 att=0 Time
andx=y = Oatt= 0)
y = lyysinagt - 3gt? (3.20)
Vx = Vg C0Saq Acceleration (3.21)
Velocity components at due to gravity:
time t of a projectile Speed  Direction Note g7 O.
(positive y-direction att=0 att=0
is upward) Time

Vy = Vo sinag - gt (3.22)
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We can get a lot of information from Egs. (3.19) through (3.22). For example,
the distance r from the origin to the projectile at any time tis

r=2x%+y 323)  pevo

The projectile’s speed (the magnitude of its velocity) at any time is S _
3.19 The nearly parabolic trajectories of a

v=2v2+ v (3.24)y  bouncing ball.
Successive images of the ball are
The direction of the velocity, in terms of the angleit makes with the positive separated by equal time intervals.
x-direction (see Fig. 3.17), is
Vy
tana = (3.25)
VX

The velocity vecto¥ is tangent to the trajectory at each point.
We can derive an equation for the trajectory’s shape in terms of x and y by
eliminating t From Egs. (3.19) and (3.20), we find x>1yycosag2 and

Yy 2

= ltanag2x -
y 0 2vécogag

(3.26)

Don't worry about the details of this equation; the important point is its general

. o 3.20 Air resistance has a large cumulative
form. Sincevg, tanag, cosag, and g are constants, Eg. (3.26) has the form effect on the motion of a baseball. In this

5 simulation we allow the baseball to fall
y = bx- cx below the height from which it was thrown
(for example, the baseball could have been
whereb and c are constants. This is the equation of a parabolaur simple thrown from a cliff).

model of p_rojec‘gile moti(_)n, the_ trajectory is always_a paralittn (3.19._ y(m) Baseballs initial velocity:
When air resistance ismiegligible and has to be included, calculating the tra- ;, Vo = 50 nPs, @ = 53.1°

jectory becomes a lot more complicated; the effects of air resistance depend on

velocity, so the acceleration is no longer constant. Figure 8h2vs a computer

simulation of the trajectory of a baseball both without air resistance and with 4 100 200 300%™

air resistance proportional to the square of the baseball's speed. We see that_ajg

resistance has a very large effect; the projectile does not travel as far or as hi_%|O

and the trajectory is no longer a parabola. With air No air
resistance resistance

ACCELERATION OF A SKIER, CONTINUED

NOILNT0S

Let's consider again the skier in Conceptual Example 3.4. Whedves the ramp, she becomes a projectile. So at pqiktsaad I,
is her acceleration at each of the poi@tH, and | in Fig. 3.21a and indeed at all points after she leaves the ramp, the skier's

after she flies off the ramp? Neglect air resistance. acceleration points vertically downward and has magnitude g
No matter how complicated the acceleration of a particle before
SOLUTION it becomes a projectile, its acceleration as a projectile is given by
Figure 3.21b shows our answer. The skier's acceleration chana’éd: O3 =-u
from point to point while she was on the ramp. But as soon as she
3.21 (a) The skier's path during the jumid) Our solution.
(@) H (b)

G |
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PROBLEM-SOLVING STRATEGY 3.1 PROJECTILE MOTION

NOTE: The strategies we used in Sections 2.4 and 2.5 for straight-you have as many equations as there are target variables to be
line, constant-acceleration problems are also useful here. found. In addition to Egs. (3.19) through (3.22), Egs. (3.23)

i . through (3.26) may be useful.

IDENTIFvthe relevant concept3he key concept is that through 3. State the problem in words and then translate those words into

out projectile motion, the acceleration is downward and has a . . .
constant magnitude. @rojectile-motion equations don't apply to symbols. For example, when does the particle arrive at a certain
) point? (That is, at what value &f)iWhereis the particle when

throwing a ball, because during the throw the ball is acted on by ; . ) .
) . . its velocity has a certain value? (That is, what are the values of
both the thrower's hand and gravity. These equations apply only e L
x and ywhenv, or vy has the specified value?) Singe= 0

afterthe ball leaves the thrower's hand. at the highest point in a trajectory, the question “When does

SET UPthe problem using the following steps: the projectile reach its highest point?” translates into “What is
1. Define your coordinate system and make a sketch showingthe value of t whew, = 07" Similarly, “When does the pro
your axes. It's almost always best to make tiaais horizontal jectile return to its initial elevation?” translates into “What is

and the yaxis vertical, and to choose the origin to be where the value of t whey = y?”

the body first becomes a projectile (for example, where a ball

leaves the thrower’s hand). Then the components of acceletaECUTEthe solution:Find the target variables using the equa

tion area, = 0 anday, = - g, as in Eq. (3.13); the initial pesi tions you chose. Resist the temptation to break the trajectory into

tionisxy = yp = 0;and you can use Egs. (3.19) through (3.22egments and analyze each segment separately. You don't have to

(If you choose a different origin or axes, you'll have to modifgtart all over when the projectile reaches its highest point! It's

these equations.) almost always easier to use the same axes and time scale through
2. List the unknown and known quantities, and decide whiaut the problem. If you need numerical values,gise 9.80 n¥s’.

unknowns are your target variables. For example, you migRémember that g is positive!

be given the initial velocity (either the components or the

magnitude and direction) and asked to find the coordinatesALUATEyour answer:Do your results make sense? Do the

and velocity components at some later time. Make sure tmatmerical values seem reasonable?

A B@Y PROJECTED HORIZONTALLY

NOILNT10S

A motorcycle stunt rider rides off the edge of a cliff. Just at tlet = 0.50 s we use Egs. (3.19) and (3.20); we then find the dis
edge his velocity is horizontal, with magnitud® nes. Find the tance from the origin using Eq. (3.23). Finally, we use Egs. (3.21)
motorcycle’s position, distance from the edge of the cliff, arahd (3.22) to find the velocity components at 0.50 s
velocity 0.50 s after it leaves the edge of the cliff.

EXECUTE:From Egs. (3.19) and (3.20), the motorcycle’sard
SOLUTION y-coordinates at = 0.50 « are

Voxt = 19.0 mPs210.50 € = 4.5 m

IDENTIFY and SET UP:Figure 3.22 shows our sketch of the-tra X
jectory of motorcycle and rider. He is in projectile motion as soon 1o 1 B
as he leaves the edge of the cliff, which we take to be the origin so Y = ~ 20" = - 319.80 ME20.50 & = - 1.2m

X0 = Yo = 0). His initial velocityV at the edge of the cliff is heri The negative value of shows that the motorcycle is below its

zontal(that is,ag = 0), so its components amg, = vpcosag =  starting point.
9.0 mps andvgy, = Vgsinag = 0. To find the motorcycle’s position  From Eq. (3.23), the motorcycle’s distance from the origin at
t = 0.50¢is

3.22 Our sketch for this problem. r=2x2+y? =215+ 1 12n2 =47m

At this point, the bike and .
rider become a projectile. From Egs. (3.21) and (3.22), the velocity componeritsa0.50 ¢

are
Vy = Vg = 9.0 nPs
Vy = - gt = 1- 9.80 nkP210.50 € = - 4.9 nvs
The motorcycle has the same horizontal velogjtgs when it left

the cliff att = O, but in addition there is a downward (negative)
vertical velocityvy. The velocity vector at = 0.50 ¢is

S

Vo ovwd ve 19.0nPs20  1- 4.9 s



3.3 Projectile Motion 79

From Egs. (3.24) and (3.25), at= 0.50 ¢ the velocity has EVALUATE: Just as in Fig. 3.17, the motorcycle’s horizontal mo
magnitudev and anglex given by tion is unchanged by gravity; the motorcycle continues to move
horizontally at9.0 n¥s, covering 4.5 m in 0.50 s. The motorcycle
- 2 2 _ -

V=2 v+ vi=2190ms2 + 1- 492 = 10.2ms initially has zero vertical velocity, so it falls vertically just like a

t vy e 4.9 mb - godoy released from rest and descends a dist%zg‘t&ec 1.2 min
arctan ~ = arctana = -

Vi 9.0 mbs 0.
The motorcycle is moving d0.2 nsin a direction 29° below the
horizontal.

a

HEIGHT AND RANGE OF A PROJECTILE I: ABATTED BASEBALL

NOILNT0S

A batter hits a baseball so that it leaves the bat at speeg = vy, = 22.2 nps

Vg = 37.0 nPs at an angleag = 53.1. (a) Find the position of _ _ _
the ball and its velocity (magnitude and direction) at 2.00s ¥ ~ Vor - gt = 29.6ms - 19.80 212,00 £ = 10.0 ¥s
(b) Find the time when the ball reaches the highest point of {tfey-component of velocity is positive ait= 2.00 s so the ball

flight, and its height h at this time. (c) Find the horizontal rangg still moving upward (Fig. 3.23). From Eqgs. (3.24) and (3.25), the
R—that is, the horizontal distance from the starting point to whefgagnitude and direction of the velocity are

the ball hits the ground—and the ball's velocity just before it hits.
v=2vZ+vZ=2 1222 ms2 + 110.0 ms2 = 24.4 ms
SOLUTION

10.0 nps
IDENTIFY and SET UP:As Fig. 3.20 shows, air resistance strongly@ = &ctam,,, , b = arctar0.450 = 24.2

affects the motion of a baseball. For simplicity, however, we'll ig
nore air resistance here and use the projectile-motion equation§hg ball is moving at 24.4 m/s in a directi@d.2 above the
describe the motion. The ball leaves the bat=at0 a meter or so horizontal.

above ground level, but we'll ignore this distance and assume that(b) At the highest point, the vertical velocityis zero. Call the
it starts at ground levely, = 02 Figure 3.23 shows our sketch time when this happeng then

of the ball's trajectory. We'll use the same coordinate system as Vo= Ve - gt = 0
in Figs. 3.17 and 3.18, so we can use Egs. (3.19) through (3.22). y = Voy - G

Our target variables are (a) the position and velocity of the ball Voy  29.6 n¥s

2.00 s after it leaves the bat, (b) the time t when the ball is at its 4= 9 = 9.80 e =3.02s

maximum heightthat is, whernv, = 0) and the ycoordinate at '

this time, and (c) the-goordinate when the ball returns to ground he height h at the highest point is the value of y at ime
level ly = 02 and the ball's vertical component of velocity then.

Voyts - 2ot

EXECUTE:(a) We want to find xy, vy, andv, att = 2.00 s The
5 Y 129.6 Ms213.02 € - 119.80 m213.02 € = 44.7m

initial velocity of the ball has components

Vox = VpC0Sag = 137.0 mps2c0s53.1 = 22.2 n¥s (c) We'll find the horizontal range in two steps. First, we find
Voy = Vosinag = 137.0 mps2sin53.1 = 29.6 ks the timet, wheny = 0 (the ball is at ground level):

— — 1442 — 1
From Egs. (3.19) through (3.22), y = 0= vyl - 20tF = lvgy - ;062
X = Vit = 122.2 nPs212.00 2 = 44.4 m This is a quadratic equation for It has two roots:
= vnt - g2 2v 2129.6 nps2
Y= VYot~ 20 =0 and t= = - 6.045s
= 129.6 ms212.00 € - 319.80 Mps’212.00 €2 = 39.6 m g 9.80 ms?

The ball is aty = 0 at both times. The ball leavéise ground at
t, = 0, and it hits the ground &t = 2vp,>g = 6.04 s.

The horizontal range R is the value of x when the ball returns
to the ground ab = 6.04 s

3.23 Our sketch for this problem.

R = Voutp = 1222 ms216.04 € = 134 m

The vertical component of velocity when the ball hits the
ground is

Vy = Vo, - Ot = 29.6 s - 19.80 ms?216.04 €
= -29.6 ms

Continued
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That is,vy has the same magnitude as the initial vertical velogjty Note that the time to hit the groung,= 6.04 ¢, is exactly

but the opposite direction (down). Sinegis constant, the angle twice the time to reach the highest poipt= 3.02 «. Hence the

a = - 53.1 (below the horizontal) at this point is the negative dime of descent equals the time of ascent. This is alwaysif

the initial angleag = 53.1. the starting point and endpoint are at the same elevation and if air
resistance can be ignored.

EVALUATE:It's often useful to check results by getting them in @ Note also thah = 44.7 m in part (b) is comparable to the

different way. For example, we can also find the maximum heighit 9-m height above second base of the roof at Marlins Park in
in part (b) by applying the constant-acceleration formula Eq. (Z-W)ami, and the horizontal range = 134 v in part (c) is greater
to the ymotion: than the 99.7-m distance from home plate to the right-field fence
2_,. 2 —y. 2 at Safeco Field in Seattle. In reality, due to air resistance (which
Yy = Voyt t 23yly - Y62 = Voy© - 201y - Y2 we have ignored) a batted ball Wi%lh the initial speed and(angle
At the highest pointy, = 0 andy = h. Solve this equation for;h we've used here won't go as high or as far as we've calculated (see
you should get the answer that we obtained in part (b). (Do youBg. 3.20).

HEIGHT AND RANGE OF A PROJECTILE II: MAXIMUM HEIGHT, MAXIMUM RANGEZ
z
Find the maximum height &nd horizontal range Ree Fig. 3.23) (We used the trigonometric identit?sinagcosag = sin2ag,
of a projectile launched with speeglat an initial angleig between found in Appendix B.) The maximum value sih2a, is 1; this
0and90 . For a givenvy, what value oty gives maximum height? occurs wherRag = 90, orag = 45. This angle gives the maxi
What value gives maximum horizontal range? mum range for a given initial speed if air resistance can be ignored.

OlLN10S

EVALUATE: Figure 3.24 is based on a composite photograph of
SOLUTION three trajectories of a ball projected from a small spring gun at
IDENTIFY and SET UP:This is almost the same as parts (b) and @hgles of30, 45, and60 . The initial speeds is approximately
of Example 3.7, except that now we want general expressiohs féhe same in all three cases. The horizontal range is greatest for
andR. We also want the values af that give the maximum val the 45 angle. The ranges are nearly the same for3theand
ues of h and Rn part (b) of Example 3.7 we found that the preje&0 angles: Can you prove that for a given valuggahe range is
tile reaches the high point of its trajectory (so that 0) attime the same for both an initial anglg and an initial angle0 - ag?
t, = vo,°g, and in part (c) we found that the projectile returns (@ his is not the case in Fig. 3.24 due to air resistance.)
its starting height (so thgt= yp) at timet, = 2vp>g = 2t;. We'll
use Eq. (3.20) to find thegoordinateh att; and Eq. (3.19) to find Height and range of a projecti/e don't recommend

the x-coordinateR at timet,. We'll express our answers in term%emorizing the above expressions farid R They are applicable
of the launch speed, and launch anglao by using Eqs. (3.18). o in the special circumstances we've described. In particular,

EXECUTE:From Egs. (3.18)vox = Vocusag andvp, = Vgsina,.  YOU can use the expression for the rangi when launch and
Hence we can write the timgwhenvy, = 0 as landing heights are equal. There are many end-of-chapter prob

i lems to which these equations do apply.
_ Voy _ vgsinag

t
9 g . . .
) ) ) o 3.24 A'launch angle o5 gives the maximum horizontal range.
Equation (3.20) gives the height= h at this time: The range is shorter with launch angle8®fand60 .
) Vgsinag 1 _Vosinag 2 y@sirtag A 45° launch angle gives the greatest range;
h = lvgsinag2a 9 b - 3ga 9 = 2g other angles fall shorter.

For a given launch speed, the maximum value of h occurs for
sinag = 1 andag = 90 —that is, when the projectile is launched

straight up. (If it is launched horizontally, as in Example 3.6, Laulnc.h
ag = 0 and the maximum height is zero!) :ng:eéoo
The timet, when the projectile hits the ground is ag = 45°
o = 2voy  2vgsinag ap = 60°
S g
The horizontal range R the value of =t this time. From Eq. (3.19),

this is
2vpsina,  v&sin2ag

R = 1vgcosag, = lvgcosag2 g
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DIFFERENT INITIAL AND FINAL HEIGHTS

NOILN10S

You throw a ball from your window 8.0 m above the groun&XECUTE:To determine,twe rewrite Eq. (3.20) in the standard
When the ball leaves your hand, it is movingl@tO n¥s at an form for a quadratic equation far t

angle of20 below the horizontal. How far horizontally from your 1
window will the ball hit the ground? Ignore air resistance. 20t

The roots of this equation are

2. 1vpsinag2t +y = 0

SOLUTION .
IDENTIFY and SET UP:As in Examples 3.7 and 3.8, we want tq - Vosinap { 3 1- vosma022 B 41292y
find the horizontal coordinate of a projectile when it is at a given 213 592
y-value. The difference here is that this value of y isthetsame
as the initial value. We again choose thaxis to be horizontal ~ vpsinag { 2 vésirtag - 2gy
and the yaxis to be upward, and place the origin of coordinates” g

at the point where the ball leaves your hakig.(3.25. We have )

Vo = 10.0 mrs andag = - 20 (the angle is negative because the ,110.0 ms2sinl- 202 R
initial velocity is below the horizontal). Our target variable is the  ~ { 2 110.0 nps2 sirfl- 202 - 219.80 nps?21- 8.0 R
value of x when the ball reaches the groung at - 8.0 m. We'll - 9.80 m<2

use Eq. (3.20) to find the time t when this happens and then use

Eq. (3.19) to find the value of x at this time. 7s or 098s

We discard the negative root, since it refers to a time before the
3.25 Our sketch for this problem. ball left your hand. The positive root tells us that the ball reaches

the ground at = 0.98 s From Eg. (3.19), the balls@oordinate

at that time is

X = Ivpcosap2t = 110.0 nPs230sl- 2024D.98 2 = 9.2

The ball hits the ground a horizontal distance of 9.2 m from your
window.

EVALUATE:The roott = - 1.7 <is an example of a “fictional” so
lution to a quadratic equation. We discussed these in Example 2.8
in Section 2.5; review that discussion.

THE ZOOKEEPER AND THE MONKEY

olLN10S

N

A monkey escapes from the zoo and climbs a tree. After failiByECUTE:The monkey drops straight down, %gnkey = d at all
to entice the monkey down, the zookeeper fires a tranquilizenes. From Eq. (3.19%gart = 1vgcosag2t. We solve for the time t
dart directly at the monkeyr{g. 3.26. The monkey lets go at thewhen these-xoordinates are equal:

instant the dart leaves the gun. Show that the dart will aliviys

the monkey, provided that the dart reaches the monkey before he d

. d = lvgcosap2t so t=
hits the ground and runs away. 0 0 VoC0Sag

We must now show thagyonkey = Ydar at this time. The monkey
o o _ is in one-dimensional free fall; its position at any time is given by
IDENTIFY and SET UP:We have twdodies in prOJeCtlle motion: Eq. (212), with appropriate Symbo| Changes_ Figure 3.26 shows

the dart and the monkey. They have different initial positions afitht the monkey’s initial height above the dart-gun’s muzzle is
initial velocities, but they go into projectile motion at the SAME. nkey- 0 = dtanag, so

timet = 0. We'll first use Eq. (3.19) to find an expression for the

time t when the acoord|nate:~:><mc,nkey and xqan are equal. Then Ymonkey = dtanag - %gtz
we'll use that expression in Eq. (3.20) to see whethghke

and yg,, are also equal at this time; if they are, the dart hlts thgom Eq. (3.20),
monkey. We make the usual choice for thand ydirections, and

place the origin of coordinates at the muzzle of the tranquilizer

gun (Fig. 3.26). Continued

SOLUTION

Ydart = 1vpSinagt - %gtz
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3.26 The tranquilizer dart hits the falling monkey.

Dashed arrows show how far the dart and monkey have fallen at
TQFDJaD UJNFT SFMBUJWF UP XIFSF UIFZ XPVME CF XJUIPV
"U BOZ UIJNF UIFZ IBWF GBMMFO CZ UIF TBNF BNPVOU

y Without gravity
r 51F NPOLFZ SFNBJOT JO JUT JOJUJBM QPTJUJPO
r 5IF EBSU USBWFMT TUSBJHIU UP UIF NPOLFZ Monkey'’s

r 5IFSFGPSF UIF EBSU IJUT UIF NPOLFZ fall
Traject f dart Darts
rajectory of dar fall
without gravity . dtan g
Dart’s
fall
Vo Dart’s fall
Trajectory of dart
ag with gravity
o X
d
With gravity

r 51F NPOLFZ GBMMT TUSBJHIU EPXO

r"U BOzZ UIJNFt UIF EBSU IBT GBMMFO CZ UIF TBNF BNPVOU
as the monkey relative to where either would be in the

absence of gravity: Yat = Y monkey = -%gt2

r 5IFSFGPSF UIF EBSU BMXBZT IJUT UIF NPOLFZ

Comparing these two equations, we see that we'll haegqual; a dart aimed at the monkey alwhis it, no matter what,
Ymonkey = Ydart (@nd @ hit) ifdtanag = 1vpsinag2t when the two is (provided the monkey doesn't hit the ground first). This result is
x-coordinates are equal. To show that this happens, we replagelependent of the value oftihe acceleration due to gravity. With
with d>lvycosagz, the time whemkmonkey = *dart Sure enough,  no gravitylg = 02, the monkey would remain motionless, and the
dart would travel in a straight line to hit him. With gravity, both
lvgsinag2t = 1vgsinag?2 d = dtanag fall the same distancgt®2 below theirt = 0 positions, and the
VoCOSap dart still hits the monkey (Fig. 3.26).

EVALUATE: We've proved that the-goordinates of the dart and
the monkey are equal at the same time that ¥hedordinates are

TEST YOUR UNDERSTANDING OF SECTION 3.3 In Example 3.10, suppose the
tranquilizer dart has a relatively low muzzle velocity so that the dart reaches a maximum
height at a point P before striking the monkey, as shown in the figure. When the dart is

A at point R will the monkey be (i) at point A (higher thaj Ri) at point B (at the same
p B height as I, or (iii) at point C (lower than)? Ignore air resistance.
C

3.4 MOTION IN A CIRCLE

When a particle moves along a curved path, the direction of its velocity changes.
As we saw in Section 3.2, this means that the particle hawsta component of
acceleration perpendicular to the path, even if its speed is constant (see Fig. 3.11b).
In this section we'll calculate the acceleration for the important special case of
motion in a circle.

Uniform Circular Motion

When a particle moves in a circle with constant spekéd,motion is called
uniform circular motion. A car rounding a curve with constant radius at constant
speed, a satellite moving in a circular orbit, and an ice skater skating in a circle
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3.27 A car moving along a circular path. If the car is in uniform circular motion as in (a), the speed is constant
and the acceleration is directed toward the center of the circular path (compare Fig. 3.12).

(a) Uniform circular motion: Constant speed  (b) Car speeding up along a circular path (c) Car slowing down along a circular path
along a circular path Component of acceleration parallel to velocity:
Changes car’s speed

v v

<n

Component of acceleration
Acceleration is exactly perpendicular to velocity:
perpendicular to velocity; a Changes car’s direction
no parallel component 5

Component of acceleration perpendicular to )
velocity: Changes car’s direction Component of acceleration parallel

To center of circle to velocity: Changes car’s speed

with constant speed are all examples of uniform circular motdm @.273
compare Fig. 3.12a). There is no component of acceleration parallel (tangent) to
the path; otherwise, the speed would change. The acceleration vector is perpen
dicular (normal) to the path and hence directed inward (never outward!) toward
the center of the circular path. This causes the direction of the velocity to change
without changing the speed. 3.28 Finding the velocity changev,

We can find a simple expression for the magnitude of the acceleration in Zlﬁre?gfa:ggler%tr'?S‘aigglénﬁgaﬁgn?nogs
form circular motion. We begin with Fig. 3.28ahich shows a particle moving circle with constant speed.
with constant speed in a circular path of radius R with center Bh®particle
moves a distances from P, to P, in a time interval t. Figure 3.28b shows the
vector change in velocity V during this interval.

(a) A particle moves a distances at
constant speed along a circular path.

The angles labeledf in Figs. 3.28a and 3.28b are the same becayse 2
perpendicular to the lin@P, andV, is perpendicular to the lir@R.. Hence the v,
triangles in Figs. 3.28a and 3.28b are simildre ratios of corresponding sides
of similar triangles are equal, so P,

= or 0VO0= s
Vi R v R Rf

The magnitudey,, of the average acceleration duringis therefore

0 \5/ 0 Vi S
@v= ¢ TR
(b) The corresponding change in velocity and

. . . . . .. average acceleration
The magnitude a of thimstantaneousicceleratiord at pointP; is the limit of

this expression as we take poatcloser and closer to poif}: v These t_\fvo triangles
2 are similar.

i Vi S \A . S f
a= lim = im
tSOR t R tso t
If the time interval t is short, sis the distance the particle moves along itso
curved path. So the limit ofs> t is the speed,; at pointP;. Also, P, can be any
point on the path, so we can drop the subscript and lepresent the speed at(c) The instantaneous acceleration
any point. Then

<

Magnitude of acceleration v2  Speed of object
of an object in Qg = R
uniform circular motion

(3.27) The instantaneous acceleration
in uniform circular motion
R  always points toward the
gfad center of the circle.

Radius of object’s
circular path

The subscript “rad” is a reminder that the direction of the instantaneous accelera-
tion at each point is always along a radius of the circle (toward the center of the 0
circle; see Figs. 3.27a and 3.28c). So in uniform circular motion, the magnitude
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3.29 Acceleration and velocitga) for a (@) Uniform circular motion (b) Projectile motion
particle in uniform circular motion and v Acceleration has  \elocity and acceleration are perpendicular
(b) for a projectile with no air resistance. § constantmagni-  only at the peak of the trajectory.
aad %T tude but varying & s
ad  direction. v
v i‘rad v v
%Tad is/ ?;\ %. a
ar Velocity and
ad & aq acceleration Acceleration is .
$ are always 5 constant in magnitude v
v perpendicular. and direction.
DATA SPEAKS arac Of the instantaneous acceleration is equal to the square of the speed
_ divided by the radius R of the circle. Its direction is perpendicular tmd
Acceleration on a Curved Path inward along the radiugFig. 3.294.
When students were given a problem Because the acceleration in uniform circular motion is always directed toward
about an object following a curved path e center of the circle, it is sometimes called centripetal accelerafitre word
(not necessarily the parabolic path of a « trivetal” is derived f ¢ G K d . king th ter”
projectile), more than 46% gave an centripetal” is derived from two Greek words meaning “seeking the center.

incorrect answer. Common errors:

) . Uniform circular motion vs. projectile motidyiotice the differences between
Confusion between the azeleration

vector and the velocity vectof. acceleration in uniform circular motion (Fig. 3.29a) and acceleration in projectite mo
Remember thag is the rate of change of ~ tion (Fig. 3.29b). It's true that in both kinds of motion the magnitoidacceleration is

¥, and on a curved patl and¥ cannot the same at all times. However, in uniform circular motion the direcifal changes

be in the same direction (see Fig. 3.12).  continuously—it always points toward the center of the circle. In projectile motion, the
Confusion about the direction o&. If direction ofa remains the same at all times.

the path is curveda always has a
component toward the inside of the

_ We can also express the magnitude of the acceleration in uniform circular
curve (see Fig. 3.12).

motion in terms of the period of the motion, the time for one revolution (one
complete trip around the circle). In a time T the particle travels a distance equal
to the circumferenc2p R of the circle, so its speed is

2
v=2PR
T

When we substitute this into Eq. (3.27), we obtain the alternative expression

(3.28)

PhET:Ladybug Revolution (l\)/;z;gnnict)tt;;jeecfifnacceIeration o = 4p 2R Radius of object’s circular path 029
PhET:Motion in 2D uniform circular motion ad T2 Period of motion '

(%]

Q

CENTRIPETAL ACCELERATION ON A CURVED ROAD %

=z

An Aston Martin V8 Vantage sports car has a “lateral acceleratiaoh a 5, and speed:

of 0.963 = 10.96219.8 b2 = 9.4 . This is the maximum 5 e

centripetal acceleration the car can sustain without skidding out R = Ve o_ 140 = 170 mlabout 560 &
of a curved path. If the car is traveling at a cons#@ntps (about &ad 9.4 NP

89 mPh, or 144 kiwh) on level ground, what is the radius R of the s is theminimumturning radius becausg, is themaximum
tightest unbanked curve it can negotiate? centripetal acceleration.

EVALUATE: The minimum turning radius R is proportional to the
squareof the speed, so even a small reduction in speed can make
IDENTIFY, SET UP, and XECUTE: The car is in uniform circular R substantially smaller. For example, reducingy 20% (from
motion because it's moving at a constant speed along a curve #@aiPs to 32 ns) would decrease By 36% (from 170 m to 109 m).

is a segment of a circle. Hence we can use Eg. (3.27) to solve foAnother way to make the minimum turning radius smaller is to
the target variable R terms of the given centripetal accelerabankthe curve. We'll investigate this option in Chapter 5.

SOLUTION
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1LNT10S

CENTRIPETAL ACCELERATION ON A CARNIVAL RIDE

NO

Passengers on a carnival ride move at constant speed in a horizoALUATE:We can check this answer by using the second, round
tal circle of radius 5.0 m, making a complete circle in 4.0 s. Wrathout approach. From Eg. (3.28), the speed is
is their acceleration?
2pR 2p15.0 n2
v = =

= =79nps
SOLUTION T 40s
IDENTIFY and SET UP:The speed is constant, so this is uniform N€ centripetal acceleration is then
circular motion. We are given the radiRs= 5.0 m and the pe v2  17.9 mps
riod T = 4.0 s so we can use Eq. (3.29) to calculate the accelera dad = R = 50m = 12 mps’
tion directly, or we can calculate the speeby using Eq. (3.28) ’
and then find the acceleration by using Eqg. (3.27). As in Fig. 3.29a, the direction &fis always toward the center of

the circle. The magnitude &fis relatively mild as carnival rides

EXECUTE:From Eg. (3.29), go; some roller coasters subject their passengers to accelerations

4p 2150 e as great asgl
= =12 = 1.
Fad= o X
Nonuniform Circular Motion Application  Watch Out: Tight

. . - . Curves Ahead!  These roller coaster cars
We have assumed throughout this section that the particle’s speed is congtant,onuniform circular motion: They slow

as it goes around the circle. If the speed varies, we call the motion nonunif@swn and speed up as they move around a
circular motion. In nonuniform circular motion, Eq. (3.27) still gives the radiavertical loop. The large accelerations involved
component of acceleratiom.q = V2R, which is always perpendiculao the intraveling at high speed around a tight loop
instantaneous velocity and directed toward the center of the circle. But sincé’.”fﬁ% extra stress on the passengers'
. . . . . circulatory systems, which is why people with
speedv has different values at different points in the motion, the valég0fs 4 giac conditions are cautioned against
not constant. The radial (centripetal) acceleration is greatest at the point ifydiig on such rides.
circle where the speed is greatest.
In nonuniform circular motion there is also a component of acceleration that
is parallel to the instantaneous velocity (see Figs. 3.27b and 3.27¢). This is the
componenty that we discussed in Section 3.2; here we call this compaggnt
to emphasize that it is tangetat the circle. The tangential component of accel
erationa,, is equal to the rate of change of speluls
v2 d@(
Srad = R and Aan = dt

The tangential component is in the same direction as the velocity if the particle
is speeding up, and in the opposite direction if the particle is slowing down
(Fig. 3.30Q. If the particle’s speed is constaat,, = 0.

(nonuniform circular motion) (3.30)

Uniform vs. nonuniform circular motiofhe two quantities
d@0 o
g A g
arenot the same. The first, equal to the tangential acceleration, is the rate of change ofpeed slowest, g minimum, g,,zero
spet_ad; it is zero Whenever_a pa_rticl_e moves W!th constant spee(_nl, even Wher_w its direcg%g&]‘mg up; @in Slowing down:
motion changes (such as in unifocimcular motion). The second is the magnitude of thg e direction a% v aa, OPPOSite t0 v

vector acceleration; it is zero only when the particle’s acceleratictoris zero—that is,
when the particle moves in a straight line with constant speed. In urtgficoatar motion

* 3.30 A particle moving in a vertical loop
with a varying speed, like a roller coaster car.

@V>dt0= a,q = v>r; in nonuniformcircular motion there is also a tangential compo 8an  a,q
; s - 2 2
nent of acceleration, s@v>dt0= 2 a,§ + aarn. g " &0= a.,

TEST YOUR UNDERSTANDING OF SECTION 3.4 Suppose that the particle in

Fig. 3.30 experiences four times the acceleration at the bottom of the loop as it does at the

top of the loop. Compared to its speed at the top of the loop, is its speed at the bottom of

the loop (i)1 2 times as great; (ii) 2 times as great; @i 2 times as great; (iv) 4 times

as great; or (v) 16 times as great? Speed fastest, g maximum, g, zero
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3.31 Airshow pilots face a complicated
problem involving relative velocities. They
must keep track of their motion relative to
the air (to maintain enough airflow over
the wings to sustain lift), relative to each

CHAPTER 3 Motion in Two or Three Dimensions

other (to keep a tight formation without

colliding), and relative to their audience
(to remain in sight of the spectators).

3.32 (a) A passenger walking in a train.
(b) The position of the passenger relative
to the cyclist’s frame of reference and the

train’s frame of reference.

@

(b)
Ya

P (passenger) B (train)

\elocity of train
relative to cyclist

Position of passenger
in both frames

A (cyclist)
YB
Cyclist's Vgsa
frame
Train's
frame
Og
XB>A Xp>p
Xp>A

=]

Xg,

XA

3.5 RELATIVE VELOCITY

If you stand next to a one-way highway, all the cars appear to be moving forward.
But if youre driving in the fast lane on that highway, slower cars appear to be
moving backward. In general, when two observers measure the velocity of the
same body, they get different results if one observer is moving relative to the
other. The velocity seen by a particular observer is called the velocity relative
that observer, or simply relative velocity. In many situations relative velocity is
extremely importantKig. 3.3J.

We'll first consider relative velocity along a straight line and then generalize
to relative velocity in a plane.

Relative Velocity in One Dimension

A passenger walks with a velocity df0 nmps along the aisle of a train that is
moving with a velocity o3.0 s (Fig. 3.324. What is the passenger’s velocity?

It's a simple enough question, but it has no single answer. As seen by a second
passenger sitting in the train, she is movind..8tn®s. A person on a bicycle
standing beside the train sees the walking passenger movibhd ats +

3.0 s = 4.0 s, An observer in another train going in the opposite direction
would give still another answer. We have to specify which observer we mean,
and we speak of the velocity relatite a particular observer. The walking
passenger’s velocity relative to the trainli® ns, her velocity relative to the
cyclist is4.0 nPs, and so on. Each observer, equipped in principle with a meter
stick and a stopwatch, forms what we cdllaane of reference.Thus a frame of
reference is a coordinate system plus a time scale.

Let's use the symbol A for the cyclist's frame of reference (at rest with re
spect to the ground) and the symbol B for the frame of reference of the moving
train. In straight-line motion the position of a point P relative to frame A is given
by xpsa (the position of P with respect tg,fand the position of P relative to
frameB is given byxpsg (Fig. 3.32b). The position of the origin of B with respect
to the origin of A isxgsa. Figure 3.32b shows that

Xp>a = Xpg + Xgop (3.31)

In words, the coordinate of P relative to A equals the coordinate of P relative to B
plus the coordinate of B relative to A

The x-velocity of P relative to frame\, denoted byp:pgxis the derivative of
xpsp With respect to time. We can find the other velocities in the same way. So the
time derivative of Eqg. (3.31) gives us a relationship among the various velocities:

dpa g dXea

= + or
dt dt dt
Relative velocity Vpsax = VpsBx T VBsax (3.32)
along a line:
x-velocity of x-velocity of x-velocity of

P relative to A P relative to B B relative to A

Getting back to the passenger on the train in Fig. 3.32a, we see that A is the
cyclist’s frame of reference, B is the frame of reference of the train, and point P
represents the passenger. Using the above notation, we have

VpB@x— +1.0 s VB>p@x— +3.0 s
From Eq. (3.32) the passenger’s veloeity,gfelative to the cyclist is
VP>A@X: +1.0nPs + 3.0 nPs = +4.0 nPs

as we already knew.
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In this example, both velocities are toward the right, and we have taken
this as the positive-direction. If the passenger walks toward the tefative
to the train, thewpgg,= - 1.0 Ps, and her svelocity relative to the cyclist is
Vpsa@y= - 1.0Ps + 3.0 nps = +2.0 nps. The sum in Eq. (3.32) is always an
algebraic sum, and any or all of theelocities may be negative.

When the passenger looks out the window, the stationary cyclist on the ground
appears to her to be moving backward; we call the cyclist’s velocity relative to
her vasp@x This is just the negative of the passengeedocity relative to the
cyclist vpsag@xIn general, if A and B are any two points or frames of reference,

VAB@x— - VBA@x (3.33)

PROBLEM-SOLVING STRATEGY 3.2 RELATIVE VELOCITY

IDENTIFY the relevant conceptdiVhenever you see the phrasehe vector form of this equation, derived later in this section.) It's
“velocity relative to” or “velocity with respect to,” it’s likely that important to note the order of the double subscripts in Eq. (3.32):
the concepts of relative velocity will be helpful. vesa@ Means X-velocity of B relative to A These subscripts obey
SET UPthe problem: Sketch and label each frame of referen(:eallnkmOI of algebra. If we regard each one as a fraction, then the

the problem. Each moving body has its own frame of referengeacuon on the left side is the produaftthe fractions on the right

in addition, you'll almost always have to include the frame o de:P>A = 1P>B2IB>A2. You can apply this rule to any number

reference of the earth’s surface. (Statements such as “The (:a(l)rf .fsrames of reference. For example, if there are three frames of

traveling north aB0 kn#h” implicitly refer to the car’s velocity feférence AB, and C Eq. (3.32) becomes
relative to the surface of the earth.) Use the labels to help iden Vpa® = Vpxc@ + VoB@ T Ver@
tify the target variable. For example, if you want to find th
x-velocity of a carlC2 with respect to a bu3B2, your target
variable isvespg

EVALUATEyour answer:Be on the lookout for stray minus signs
in your answer. If the target variable is theelocity of a car rel
ative to a buslvegg2 make sure that you haven't accidentally
EXECUTEthe solution:Solve for the target variable using Eq. (3.32calculated the-xelocity of the bugelative to the caflvgscg?. If

(If the velocities aren't along the same direction, you'll need to ugeu've made this mistake, you can recover by using Eq. (3.33).

RELATIVE VELOCITY ON A STRAIGHT ROAD

NOILN10S

You drive north on a straight two-lane road at a con&ahnrh.  SOLUTION
A truck in the other lane approaches you at a condfhkn®h  \peNTIFY and SET UP:In this problem about relative veleci
(Fig. 3.33. Find (a) the truck’s velocity relative to you and (b) youfies along a line, there are three reference frames: you (Y), the
velocity relative to the truck. (c) How do the relative velocitiegck (T), and the earth's surface (E). Let the posiigirection
change after you and the truck pass each other? Treat this gg Aorth (Fig. 3.33). Then yourvelocity relative to the earth is
one-dimensional problem. Vysg@ = +88 knPh. The truck is initially approaching you, so

it is moving south and its-welocity with respect to the earth is
3.33 Reference frames for you and the truck. Vrse@ = - 104 kn#h. The target variables in parts (a) and (b) are
vy @ andvystg, respectively. We'll use Eq. (3.32) to find the first
target variable and Eg. (3.33) to find the second.

M EXECUTE:(a) To findvrsyg we write Eq. (3.32) for the known
Truck (T) vrse@and rearrange:

VE@ = Ve T VvE@

VY@ = VTE®@ - VYE®

S
YvE - 104 knth - 88 kiph = - 192 knh

Earth (E) v The truck is moving atl92 kn#h in the negative xlirection
s You (Y) (south) relative to you.

Continued
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(b) From Egq. (3.33),
VY>T@ = - VTS{@ = -1- 192 knth2 = +192 knth

CHAPTER 3 Motion in Two or Three Dimensions

the south relative to you, even though it is now moving away from
you instead of toward you.

You are moving atl92 knph in the positive xdirection (north) EVALUATE:To check your answer in part (b), use Eq. (3.32) directly

relative to the truck.

in the formvysrg = Vyse@ + Vest@ (The xvelocity of the earth

(c) The relative velocities do nohange after you and the truckwith respect to the truck is the opposite of ieelocity of the
pass each other. The relative positiofishe bodies don't matter. truck with respect to the eartiesrg = - Vrgg.) DO you get the
After it passes you the truck is still moving 232 kieh toward same result?

Relative Velocity in Two or Three Dimensions

Let's extend the concept of relative velocity to include motion in a plane or in
space. Suppose that the passenger in Fig. 3.32a is walking not down the aisle of
the railroad car but from one side of the car to the other, with a sp&ddirafs

(Fig. 3.344. We can again describe the passenger’s position P in two frames of
referenceA for the stationary ground observer @dor the moving train. But
instead of coordinates we use position vectoifsbecause the problem is now
two-dimensional. Then, as Fig. 3.34b shows,

(3.34)

Just as we did before, we take the time derivative of this equation to get a rela-
tionship among the various velocities; the velocity of P relative toVis
drpsp>dt and so on for the other velocities. We get

Relative velocity

_ (3.35)
In space:

S S, S
Ve Vps Ve
Velocity of
P relative to A

Velocity of
P relative to B

Velocity of
B relative to A

Equation (3.35) is known as the Galilean velocity transformation. It relates
the velocity of a body Rvith respect to frame And its velocity with respect to
frameB (Vpsa andVpsg, respectively) to the velocity of framev@ith respect
to frame Al¥gn2. If all three of these velocities lie along the same line, then
Eqg. (3.35) reduces to Eg. (3.32) for the components of the velocities along
that line.

If the train is moving atg-y = 3.0 nes relative to the ground and the passen
ger is moving atpsg = 1.0 nrPs relative to the train, then the passenger’s velocity

3.34 (a) A passenger walking across a railroad ¢grPosition of the passenger relative to the cyclist's frame and
the train's frame(c) Vector diagram for the velocity of the passenger relative to the ground (the cyclist’s fragme),

@)

A (cyclist)

P (passenger)

B (train)

3.0 m>s

1.0 m>s

(b)

(c) Relative velocities
(seen from above)

Ve Velocity of train
s  relative to cyclist
] Ve>a f = 18°
Ya Train’s <
@©
' frame P position of passenger ¥ 3
Cyclist's Foon fpog in both frames ! LA
frame Xg g w
Og 3 ™
?B>A Xa (\/)/ a\l
Op @
B

Vpsg = 1.0 m>s
N
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vector Vpsa relative to the ground is as shown in Fig. 3.34c. The Pythagorean
theorem then gives us

Vpsa = 2 13.0 s + 11.0 nps2 = 2 10 n?>s = 3.2 s

Figure 3.34c also shows that the directifrthe passenger’s velocity vector
relative to the ground makes an anfjlavith the train’s velocity vecto¥gsa,
where

Ve 1.0nPs

= and f =18
Ve 3.0 nPs

tanf =

As in the case of motion along a straight line, we have the general rule that if
A and B are any two points or frames of reference,

Vas Vea (3.36)

The velocity of the passenger relative to the train is the negative of the velocity of
the train relative to the passenger, and so on.

In the early 20th century Albert Einstein showed that Eq. (3.35) has to be
modified when speeds approach the speed of light, denotedthiyrais out that
if the passenger in Fig. 3.32a could walk down the aisle at @86 the train
could move at 0.9€) then her speed relative to the ground would be not1.20
but 0.94; nothing can travel faster than light! We'll return to Einstein and his
special theory of relativity in Chapter 37.

FLYING IN A CROSSWIND

NOILNT0S

An airplane’s compass indicates that it is headed due north, and5 The plane is pointed north, but the wind blows east, giving
its airspeed indicator shows that it is moving through the air ghe resultant velocitypx relative to the earth.
240 knph. If there is a 100-kih wind from west to east, what is S~ = 100 krreh
. . . AE — ’
the velocity of the airplane relative to the earth? east

SOLUTION

IDENTIFY and SET UP:This problem involves velocities in two
dimensions (northward and eastward), so it is a relative velocity
problem using vectors. We are given the magnitude and direction

of the velocity of the plane (P) relative to the air (A). We are also Vpap = &
given the magnitude and direction of the wind velocity, which is 240>km;h’ PE
the velocity of the air A with respect to the earth (E): north
Vpsa = 240 knh  due north a
Vase = 100 knth  due east N
W E

We'll use Eq. (3.35) to find our target variables: the magnitude
and direction of velocity s of the plane relative to the earth.

EXECUTE:From Eq. (3.35) we have

> >

S,
Ve Vpa  Vase

Figure 3.35 shows that the three relative velocities constitute a
right-triang|e vector addmon7 the unknowns are the Sp&@ EVALUATE:You can check the results by taklng measurements on

and the angle. We find the scale drawing in Fig. 3.35. The crosswind increases the speed
of the airplane relative to the earth, but pushes the airplane off
Vpsg = 2 1240 knph2? + 1100 knth22 = 260 kith course.
100 kn#h
a = arctana b =23 EofN
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CORRECTING FOR A CROSSWIND

NOILNT0S

With wind and airspeed as in Example 3.14, in what directiom36 The pilot must point the plane in the direction of the
should the pilot head to travel due north? What will be her velo¢ectorVes to travel due north relative to the earth.

ity relative to the earth?

SOLUTION

IDENTIFY and SET UP:Like Example 3.14, this is a relative veloc

ity problem with vectorsFigure 3.36 is a scale drawing of the
situation. Again the vectors add in accordance with Eq. (3.35) and
form a right triangle:

As Fig. 3.36 shows, the pilot points the nose of the airplane at an
angleb into the wind to compensate for the crosswind. This angle,
which tells us the direction of the vectos.s (the velocity of the
airplane relative to the air), is one of our target variables. The other
target variable is the speed of the airplane over the ground, which
is the magnitude of the vectdpe (the velocity of the airplane
relative to the earth). The known and unknown quantities are

Ve magnitude unknow  due north
Vpsa 240 kneh direction unknown

Vasg = 100 kneh,

east

S .

Vpsa = Vpse
240 km>h, north
at angle b

N b
w E

The pilot should point the airplars west of north, and her

Vase 100 kneh due east

ground speed is the2il8 knph.

Well solve for the target variables by using Fig. 3.36 anglyaLUATE: There were two target variables—the magnitude of

trigonometry.

EXECUTE:From Fig. 3.36 the speeg and the angle are

2 1240 kn#h2? - 1100 kn#h22 = 218 kn#h

Vpse

a vector and the direction of a vector—in both this example and
Example 3.14. In Example 3.14 the magnitude and direction referred
to the samevectorVp2; here they refer to differenectorslvpe
andvpsp2.

While we expect a headwintd reduce an airplane’s speed
relative to the ground, this example shows that a crosswind does,
too. That's an unfortunate fact of aeronautical life.

TEST YOUR UNDERSTANDING OF SECTION 3.5 Suppose the nose of an
airplane is pointed due east and the airplane has an airsp&gd kith. Due to the

wind, the airplane is moving due north relative to the ground and its speed relative to
the ground i450 knph. What is the velocity of the air relative to the earth25i) kireh
from east to west; (iil 50 krh from south to north; (iiiL50 knh from southeast

to northwest; (ivR12 kneh from east to west; (12 kneh from south to north;

(vi) 212 kn¥h from southeast to northwest; (vii) there is no possible wind velocity that

could cause this.
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xad ye zR

b, B ¥
b-1t t

Position, velocity, and acceleration Veetors: ¥
paosition vectort of a point P in space is the vector
from the origin to Plts components are the coordi-y,,,
nates xy, and z

The average velocity vectd, during the time PodF
interval tis the displacement? (the changein Vv ItirsnO ¢ dt
position vector) divided by t. The instantaneous
velocity vectorv is the time derivative df, and its | _ dx v = dy v, =
components are the time derivatives of,»>and z *Todt Y dt 7
The instantaneous speed is the magnitude of Vo Wy v
The velocityV of a particle is always tangent to the EWY t -t ¢
particle’s path. (See Example 3.1.) 2- 1

The average acceleration vecbgy duringthe 5 . VAR
time interval tequals V (the change in velocity tso t dt
vectorV) divided by t. The instantaneous aceel
eration vectod is the time derivative of, and its a, = dvy
components are the time derivatives,gfvy, andv,. dt
(See Example 3.2.) avy

The component of acceleration parallel to the dire® =
tion of the instantaneous velocity affects the speed, dv
while the component & perpendicular t& affects a, = dtZ

the direction of motion. (See Examples 3.3 and 3.4))

Projectile motiolm: projectile motion with no air
resistanceg, = 0 anday, = - y. The coordinates
and velocity components are simple functions of
time, and the shape of the path is always a parab-Yx = Yo€0Sdo

ola. We usually choose the origin to be at the initial, = vgsinag - gt
position of the projectile. (See Examples 3.5-3.10.)

X = lvgcosapg2t

lvgsinag2t - 3gt?

Uniform and nonuniform circular risdtiema v2
particle moves in a circular path of radius R with 8rad = R
constant speed (uniform circular motion), its )
acceleratiord is directed toward the center of the Bag = 4R
. . . al 2

circle and perpendicular ta The magnitude . of T
the acceleration can be expressed in termsoid R
or in terms of Rand the period {the time for one
revolution), wherev = 2p R>T. (See Examples 3.11
and 3.12)

If the speed is not constant in circular motion
(nonuniform circular motion), there is still a radial
component ok given by Eq. (3.27) or (3.29), but
there is also a component@parallel (tangential)
to the path. This tangential component is equal to
the rate of change of speely>dt.

Relative velocityhen a body P moves relative to Vea@ = Ves@ t+ VBr@
a baly (or reference frame), Bnd B moves rela

tive to a body (or reference frame)we denote the
velocity of P relative to B bypsg, the velocity of P Vpsa Ve Ve

relative to A bypss, and the velocity of B relative  (relative velocity in space)

to A byVgsa. If these velocities are all along the
same line, their components along that line are re-
lated by Eq. (3.32). More generally, these velocities
are related by Eq. (3.35). (See Examples 3.13-3.15.)

(relative velocity along a line)

(3.1)

(3.2)

(3.3)

(3.4)

(3.8)

(3.9)

(3.10)

(3.19)

(3.20)
(3.21)
(3.22)

(3.27)

(3.29)

(3.32)

(3.35)

SOLUTIONS TO ALL EXAMPLES

y
s i
Vav t
Y1
§ i
y 1
Y2
S
Ty M
o X1 X2
X
S,
V2
y
v
S
ooy Bav
S
\21 .
V2
O
N, S,
y v v
v
y Vy
Vy V)( S
g vy v
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\
érad
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S S, S
Vpsa  Vpsg  Vpsa
S
Vpsp  VPoB

P (plane)

B (moving air)

A (ground
observer)
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LAUNCHING UP AN INCLINE

NOILN10S

You fire a ball with an initial speeg) at an anglé above the sur 3. In the projectile equations in Section 3.3, the launch aagle
face of an incline, which is itself inclined at an anglabove the is measured from the horizontal. What is this angle in terms of
horizontal Fig. 3.3%. (a) Find the distance, measured along the uandf ? What are the initiat- and ycomponents of the ball's
incline, from the launch point to the point when the ball strikes initial velocity?
the incline. (b) What angle gives the maximum range, measured. You'll need to write an equation that relates x and y for points
along the incline? Ignore air resistance. along the incline. What is this equation? (This takes just geom
etry and trigonometry, not physics.)
SOLUTION GUIDE
EXECUTE
IDENTIFYand SET UP 5. Write the equations for the-coordinate and -goordinate of
1. Since there’s no air resistance, this is a problem in projectile the ball as functions of time t
moation. The goal is to find the point where the ball's parabolid. When the ball hits the incline, x and y are related by the-equa
trajectory intersects the incline. tion that you found in step 4. Based on this, at what time t does
2. Choose the xand y-axes and the position of the origin. the ball hit the incline?
When in doubt, use the suggestions given in Problem-Solviidg Based on your answer from step 6, at what coordinates x and y
Strategy 3.1 in Section 3.3. does the ball land on the incline? How far is this point from the
launch point?
8. What value of gives the maximurdistance from the launch

3.37 Launching a ball from an inclined ramp. point to the landing point? (Use your knowledge of calculus.)
Vo
EVALUATE
f 9. Check your answers for the case 0, which corresponds to
u the incline being horizontal rather than tilted. (You already

know the answers for this case. Do you know why?)

Problems For assigned homework and other learning materials, go to MasteringPhysics®.

-, ++, -+ Difficulty levelsCFE Cumulative problems incorporating material from earlier chaptetsi L CProblems requiring calculus.
DATA Problems involving real data, scientific evidence, experimental design, and/or statistical reasdilingBiosciences problems.

DISCUSSION QUESTIONS :

Q what would be the path of the package as observed by the pilot?
Q3.1 A simple pendulum (a mass swinging at the end of a string} observed by a person on the ground?
swings back and forth in a circular arc. What is the direction gf3.7 sketch the six graphs of the and ycomponents of posi
the acceleration of the mass when it is at the ends of the swiggg, velocity, and acceleration versus time for projectile motion
At the midpoint? In each case, explain how you obtained yowfth x, = y = 0 and0 6 ao 6 90.

answer. _ _ _ . ~ Q3.8 If a jumping frog can give itself the same initial speed re
Q3.2 Redraw Fig. 3.11a # is antiparallel to/,. Does the particle gardless of the direction in which it jumps (forward or straight up),
move in a straight line? What happens to its speed? how is the maximum vertical height to which it can jump related

Q3.3 A projectile moves in a parabolic path without air resistancg its maximum horizontal rang®max = v&g?

Is there any point at which is parallel tov? Perpendicular t§? Q3.9 A projectile is fired upward at an angleabove the hori
Explain. ) _ ) zontal with an initial speedy. At its maximum height, what are
Q3.4 A book slides off a horizontal tabletop. As it leaves thgs velocity vector, its speed, and its acceleration vector?

table’s edge, the book has a horizontal velocity of magnigde Q3.10 In uniform circular motion, what are the averagsocity

The book strikes the floor in tine If the initial velocity of the and averagecceleration for one revolution? Explain.

book is doubled t@vo, what happens to (a) the time the book is i)3.11 In uniform circular motion, how does the acceleration
the air, (b) the horizontal distance the book travels while it is in teﬁange when the speed is increased by a factor of 3? When the
air, and (c) the speed of the book just before it reaches the floggdius is decreased by a factor of 2?

In particular, does each of these quantities stay the same, douylg,12 In uniform circular motion, the acceleration is perpendic
or change in another way? Explain. ular to the velocity at every instant. Is this true when the motion is
Q3.5 At the instant that you fire a bullet horizontally from a0t uniform—that is, when the speed is not constant?

rifle, you drop a bullet from the height of the gun barrel. If there 93.13 Raindrops hitting the side windows of a car in motion
no air resistance, which bullet hits the level ground first? EXplaiBften leave diagonal streaks even if there is no wind. Why? Is

Q3.6 A package falls out of an airplane that is flying in a straighfe explanation the same or different for diagonal streaks on
line at a constant altitude and speed. If you ignore air resistangg windshield?
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Q3.14 In a rainstorm with a strong wind, what determines tH&e x- and ycomponents of the dog’s velocity? (b) What are the

best position in which to hold an umbrella? magnitude and direction of the dog’s velocity? (c) Sketch the ve

Q3.15 You are on the west bank of a river that is flowing nortlocity vectors at; andt,. How do these two vectors differ?

with a speed ofl.2 nps. Your swimming speed relative to the3.7 -+ CALCThe coordinates of a bird flying in the-ghane are

water is1.5 nPs, and the river is 60 m wide. What is your patigiven byx1t2 = at andylt2 = 3.0 m - bt?, wherea = 2.4 s

relative to the earth that allows you to cross the river in the-sha@adb = 1.2 nps. (a) Sketch the path of the bird between 0

est time? Explain your reasoning. andt = 2.0 s (b) Calculate the velocity and acceleration-vec

Q3.16 A stone is thrown into the air at an angle above tHers of the bird as functions of time. (c) Calculate the magnitude

horizontal and feels negligible air resistance. Which graph #&nd direction of the bird's velocity and acceleratioh at2.0 s

Fig. Q3.16best depicts the stonepeedv as a function of timé (d) Sketch the velocity and acceleration vectors at2.0 s At

while it is in the air? this instant, is the bird’s speed increasing, decreasing, or not
changing? Is the bird turning? If so, in what direction?

) 3.8 - CALCA remote-controlled car is moving in a vacant parking
Figure Q3.16 lot. The velocity of the car as a function of time is givervby
v v v v v 35.00 nPs - 10.0180 ms*2%4d  32.00 n¥s + 10.550 ms?24a
(@ What area, 1t2 anda,1t2, the x-and ycomponents of the car's
velocity as functions of time? (b) What are the magnitude and
t t t t t direction of the car’s velocity at = 8.00 <? (b) What are the
magnitude and direction of the car’s acceleratian=at8.00 ¢?
() (b) () (d) (e)

Section 3.3 Projectile Motion
EXERCISES 3.9 - Aphysics book slides off a horizontal tabletop with a speed
of 1.10 n®s. It strikes the floor in 0.480 s. Ignore air resistance.
Find (a) the height of the tabletop above the floor; (b) the horizon
tal distance from the edge of the table to the point where the book
trikes the floor; (c) the horizontal and vertical components of the
dok’s velocity, and the magnitude and direction of its velocity,
just before the book reaches the floor. (d) Dratyy-t, v, @ and
vy graphs for the motion. _
3.10 -- A daring 510-N swim Figure E3.10
mer dives off a cliff with a run Vo
ning horizontal leap, as shown in
J;:rj.g' E3.10.What must her mini
mum speed be just as she leaves g o m

Section 3.1 Position and Velocity Vectors

3.1 - A squirrel has xand ycoordinatesl1.1 m, 3.4 rd at time

t; = 0 and coordinated5.3 m,- 0.5 n?2 at timet, = 3.0 s For
this time interval, find (a) the components of the average veloci
and (b) the magnitude and direction of the average velocity.
3.2 - Arhinoceros is at the origin of coordinates at tithe 0.
For the time interval fronty = Otot, = 12.0 s the rhino’s aver
age velocity has-komponent 3.8 s and ycomponent 4.9 hs.
At time t, = 12.0 s (a) what are the-xand ycoordinates of the
rhino? (b) How far is the rhino from the origin?

3.3 -+ CALCA web page designer creates an animation in whi
a dd on a computer screen has position

the top of the cliff so that she 1.75m
2 e
P 30cm+125cmes2%4d  15.0 creste will miss the ledge at the bottom,
(@) Find the magnitude and direction of the dot's average veld¥1ich is 1.75 m wide and 9.00 m Ledge

ity betweent = 0 andt = 2.0 s(b) Find the magnitude and Pelow the top of the cliff?

direction of the instantaneous velocitytat 0, t = 1.0s and 3,11 - Crickets Chirpy and Milada jump from the top of a-ver
t = 2.0 s (c) Sketch the dot's trajectory frotn= Otot = 2.0s tjcal cliff. Chirpy drops downward and reaches the ground in
and show the velocities calculated in part (b). 2.70 s, while Milada jumps horizontally with an initial speed of
3.4 - CALCThe position of a squirrel running in a park is givems o cn¥s. How far from the base of the cliff will Milada hit the
by ¥ 310.280 mrs2t + 10.0360 n’~F522tZ4d 10.0190 m=53239 ground? |gn0re air resistance.

(a) What arex1t2 andvy1t2, the x-and ycomponents of the veloc 3,12 . A rookie quarterback throws a football with an initial
ity of the squirrel, as functions of time? (b) At 5.00 <, how far  ypward velocity component df2.0 m¥s and a horizontal velec

is the Squirrel from its initial pOSition? (C) At= 5.00 s what are |ty component 0f20.0 nrs. Ignore air resistance. (a) How much

the magnitude and direction of the squirrel's velocity? time is required for the football to reach the highest point of the
trajectory? (b) How high is this point? (c) How much time (after it
Section 3.2 The Acceleration Vector is thrown) is required for the football to return to its original level?

3.5 - Ajet plane is flying at a constant altitude. At time= 0, How does this compare with the time calculated in part (a)?
it has components of velocity, = 90 nps,v, = 110 nps. Attime  (d) How far has the football traveled horizontally during this
t = 30.0 4, the components are, = - 170 n¥s,v, = 40 rps.  time? (e) Draw s, y-t, v,@ andvy@ graphs for the motion.

(a) Sketch the velocity vectorsatandt,. How do these two vec 3.13 -- Leaping the River I. During a storm, a car traveling
tors differ? For this time interval calculate (b) the components ofi a lerel horizontal road comes upon a bridge that has washed
the average acceleration, and (c) the magnitude and directioroat: The driver must get to the other side, so he decides to try leap
the average acceleration. ing the river with his car. The side of the road the caris onis 21.3 m
3.6 - A dog running in an open field has components of veloabove the river, while the opposite side is only 1.8 m above the river.
ity vy = 2.6 nPsandvy = - 1.8 npsatt; = 10.0 s For the time The river itself is a raging torrent 48.0 m wide. (a) How fast should
interval fromt; = 10.0 <tot, = 20.0 s the average accelerationthe car be traveling at the time it leaves the road in order just to
of the dog has magnitude45 nes? and directiorB1.0 measured clear the river and land safely on the opposite side? (b) What is the
from the +x@xis toward the+y@xis Att, = 20.0 s (a) what are speed of the car just before it lands on the other side?
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3.14 - The Champion Jumper of the Insect World. The (a) What is the height of the shelf above the point where the quar
froghopperPhilaenus spumariugiolds the world record for insectter leaves your hand? (b) What is the vertical component of the
jumps. When leaping at an angle of 58.0° above the horizontad|ocity of the quarter just before it lands in the dish?
some of the tiny critters have reached a maximum height of 58.7 880 - Firemen use a high-pressure hose to shoot a stream of
above the level ground. (See Natwel. 424, July 31, 2003, p. 509.) water at a burning building. The water has a spee2bdf nrs
(@ What was the takeoff speed for such a leap? (b) What horizoatglit leaves the end of the hose and then exhibits projectiie mo
distance did the froghopper cover for this world-record leap?  tion. The firemen adjust the angle of elevatioof the hose until
3.15 .- Inside a starship at rest on the earth, a ball rolls off thige water takes 3.00 s to reach a building 45.0 m away. Ignore air
top of a horizontal table and lands a distance D from the footrekistance; assume that the end of the hose is at ground level.
the table. This starship now lands on the unexplored Planet X. TaeFinda. (b) Find the speed and acceleration of the water at the
commander, Captain Curious, rolls the same ball off the salnighest point in its trajectory. (c) How high above the ground does
table with the same initial speed as on earth and finds that it latis water strike the building, and how fast is it moving just before
a distance 2.18 from the foot of the table. What is the accelerat hits the building?
tion due to gravity on Planet X? 3.21 -+ A man stands on the roof of a 15.0-m-tall building and
3.16 - On level ground a shell is fired with an initial velocity ofthrows a rock with a speed 80.0 n¥s at an angle 083.0 above
40.0 n¥s at 60.0° above the horizontal and feels no appreciable Hie horizontal. Ignore air resistance. Calculate (a) the maximum
resistance. (a) Find the horizontal and vertical components of treght above the roof that the rock reaches; (b) the speed of the
shell’s initial velocity. (b) How long does it take the shell to reactock just before it strikes the ground; and (c) the horizontal range
its highest point? (c) Find its maximum height above the grourfdom the base of the building to the point where the rock strikes
(d) How far from its firing point does the shell land? (e) At it¢he ground. (d) Draw-k y-t, v,@ andvy@ graphs for the motion.
highest point, find the horizontal and vertical components of 22 - A 124-kg balloon carrying a 22-kg basket is descending
acceleration and velocity. with a constant downward velocity 80.0 n®s. A 1.0-kg stone is
3.17 - A major leaguer hits a baseball so that it leaves the atown from the basket with an initial velocity 5.0 n¥s per
at a speed 080.0 n¥s and at an angle &6.9 above the hori pendicular to the path of the descending balloon, as measured
zontal. Ignore air resistance. (a) At what ttivoes is the baseball relative to a person at rest in the basket. That person sees the stone
at a height of 10.0 m above the point at which it left the balti the ground 5.00 s after it was thrown. Assume that the balloon
(b) Calculate the horizontal and vertical components of the basebaitstinues its downward descent with the same constant speed of
velocity at each of the two times calculated in part (a). (c) Wh20.0 n¥s. (@) How high is the balloon when the rock is thrown?
are the magnitude and direction of the baseball's velocity wher{f) How high is the balloon when the rock hits the ground? (c) At
returns to the level at which it left the bat? the instant the rock hits the ground, how far is it from the basket?
3.18 - A shot putter releases the shot some distance above (djeJust before the rock hits the ground, find its horizontal and
level ground with a velocity af2.0 n¥s, 51.0 above the horizon vertical velocity components as measured by an observer (i) at rest
tal. The shot hits the ground 2.08 s later. Ignore air resistanicethe basket and (ii) at rest on the ground.
(@ What are the components of the shot’s acceleration while in
flight? (b) What are the components of the shot's velocity at thection 3.4 Motion in a Circle
beginning and at the end of its trajectory? (c) How far did sRe23 - The earth has a radius of 6380 km and turns around once
throw the shot horizontally? (d) Why does the expression for Ran its axis in 24 h. (@) What is the radial acceleration of an object
Example 3.8 nogive the correct answer for part (c)? (€) How hight the earth’s equator? Give your answemhs® and as a fraction
was the shot above the ground when she released it? (f) Brawof g. (b) If a4 at the equator is greater tharogjects will fly off
y-t, V@ andvy@ graphs for the motion. the earth’s surface and into space. (We will see the reason for this
3.19 - Win the Prize. In a carnival booth, you can win ain Chapter 5.) What would the period of the earth’s rotation have
stuffed giraffe if you toss a quarter into a small dish. The dish is tinbe for this to occur?
a shelf above the point where the quarter leaves your hand ang.#s} -- Dizziness. Our balance is maintained, at least in
a horizontal distance of 2.1 m from this poiktg. E3.19. If you part, by the endolymph fluid in the inner ear. Spinning displaces
toss the coin with a velocity &.4 nPs at an angle 060 above this fluid, causing dizziness. Suppose that a skater is spinning very
the horizontal, the coin will land in the dish. Ignore air resistandast at 3.0 revolutions per second about a vertical axis through the
center of his head. Take the inner ear to be approximately 7.0 cm
from the axis of spin. (The distance varies from person to person.)
What is the radial acceleration (in>s*> and in ¢s) of the ende
lymph fluid?
3.25 - Pilot Blackout in a Figure E3.25
Power Dive. A jet plane comes
v==64ms ? in for a downward dive as shown
in Fig. E3.25. The bottom part
of the path is a quarter circle with
a radius of curvature of 280 m.
According to medical tests, pilots
will lose consciousness when
they pull out of a dive at an up
ward acceleration greater than
5.5g At what speed (irm>s and in mph) will the pilot black out
21m during this dive?

Figure E3.19

60°
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3.26 -- A model of a helicopter rotor has four blades, each 3.40time does it take her to reach the opposite end if she walks (a) in
long from the central shaft to the blade tip. The model is rotatedtire same direction the sidewalk is moving? (b) In the opposite
a wind tunnel ab50 rewmin. (@) What is the linear speed of thedirection?

blade tip, inm>s? (b) What is the radial acceleration of the blad&.32 - Two piers, A and Bare located on a riveB is 1500 m

tip expressed as a multiple & g downstream from ARig. E3.32. Two friends must make round
3.27 - A Ferris wheel with  pgyre £3 27 trips from pier A to pier B and return. One rows a boat at a con
radius 14.0 m is turning about stant speed o£.00 kn*h relative to the water; the other walks on
a horizontal axis through its the shore at a constant speeddiO kn¥h. The velocity of the
center Fig. E3.27. The lin river is 2.80 kn#h in the direction from A to BHow much time
ear speed of a passenger on the \/bp‘(\ does it take each person to make the round trip?

rim is constant and equal to

6.00 nmps. What are the mag

nitude and direction of the Figure £3.32
passenger’s acceleration as she
passes through (a) the lowest
point in her circular motion
and (b) the highest point in her
circular motion? (c) How much
time does it take the Ferris wheel to make one revolution? Veurrent

3.28 - The radius of the earth’s orbit around the sun (assumed

to be circular) i1.50 * 10° km, and the earth travels around this

orbit in 365 days. (a) What is the magnitude of the orbital veloc

ity of the earth, irm>s?(b) What is the radial acceleration of the3.33 - A canoe has a velocity @f.40 n¥s southeast relative to
earth toward the sun, im>s2? (c) Repeat parts (a) and (b) for thehe earth. The canoe is on a river that is flondh0 n¥s east
motion of the planet Mercury (orbit radius 5.79* 10’ km, relative to the earth. Find the velocity (magnitude and direction)
orbital period = 88.0 day). of the canoe relative to the river.

3.29 - Hypergravity. At its Ames Research Center,3.34 -- The nose of an ultralight plane is pointed due south, and
NASA uses its large “20-G” centrifuge to test the effects of veitg airspeed indicator sho8s ns. The plane is in 40@>s wind
large accelerations (“hypergravity”) on test pilots and astronauidowing toward the southwest relative to the earth. (a) In a vector-
In this device, an arm 8.84 m long rotates about one end imddition diagram, show the relationshipigfz (the velocity of the
horizontal plane, and an astronaut is strapped in at the other gxahe relative to the earth) to the two given vectors. (b) beteast
Suppose that he is aligned along the centrifuge’s arm with lisdy be north, and find the component®gfz. (c) Find the magni
head at the outermost end. The maximum sustained acceleratime and direction ofps.

to which humans are subjected in this device is typicallygl2.5.35 - Crossing the River I. A river flows due south with a
(@) How fast must the astronaut’s head be moving to experiespeed of2.0 nPs. You steer a motorboat across the river; your
this maximum acceleration? (b) What is the differebeaveen velocity relative to the water i4.2 mps due east. The river is
the acceleration of his head and feet if the astronaut is 2.00 m t&0® m wide. (a) What is your velocity (magnitude and direction)
(c) How fast in rpmlrev>min2 is the arm turning to produce therelative to the earth? (b) How much time is required to cross the

A 1500 m B

maximum sustained acceleration? river? (c) How far south of your starting point will you reach the
opposite bank?
3.36 - Crossing the River Il. (a) In which direction should

Section 3.5 Relative Velocity the motorboat in Exercise 3.35 head to reach a point on the oppo

3.30 - A railroad flatcar is traveling to the right at a speed Qfite hank directly east from your starting point? (The boat's speed

130 m>s relative to an observer standing on the ground.. SOMeqAR:tive to the water remairs2 nes) (b) What is the velocity of
is riding a motor scooter on the flatcaid. E3.30. What is the o gt relative to the earth? (c) How much time is required to
velocity (magnitude and direction) of the scooter relative to the ﬂ%[ross the river?

car if the scooter’s velocity relative to the observer on the grougds, . Bird Migration. Canada geese migrate essen

is (a) 18.0 ks to the right? (b) 3.0 7a to the left? () zero? tially along a north—south direction for well over a thousand kilo
meters in some cases, traveling at speeds up to 460w, If
Figure E3.30 one goose is flying at00 knh relative to the air but 40@m>h
wind is blowing from west to east, (a) at what angle relative to
the north—south direction should this bird head to travel directly
southward relative to the ground? (b) How long will it take the
goose to cover a ground distance of 500 km from north to south?
(Note: Even on cloudy nights, many birds can navigate by using
the earth’s magnetic field to fix the north—south direction.)
3.38 -+ An airplane pilot wishes to fly due west. A wind of
80.0 kn#h (about50 mph) is blowing toward the south. (a) If
the airspeed of the plane (its speed in still airp28.0 knrh
3.31 - A “moving sidewalk” in an airport terminal moves(about 200 mph), in which direction should the pilot head?
at 1.0 n®s and is 35.0 m long. If a woman steps on at one eflo) What is the speed of the plane over the ground? Draw-a vec
and walks atl.5 s relative to the moving sidewalk, how muchtor diagram.

v = 13.0 s
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PROBLEMS a constant rate &.00 n¥s. Determine (a) the bird's speed relative
to the ground; (b) the bird’s acceleration (magnitude and direc

3.39 - CALCA rocket is fired at an angle from the top of a towefi,). and (c) the angle between the bird's velocity vector and the
of heighthy = 50.0 m Because of the design of the engines, tSorizontal.

iti ; - 2 -
position coordinates are of the fordi2 = A + Bt andyliz= 547 .|, fighting forest fires, airplanes work in support of ground

3 .
C + Dt*, where AB, C, a_”?‘ D %re constants. The ac:;zeleratlon %frews by dropping water on the fires. For practice, a pilot drops a
the ro_cl_<et 100 s _after firing 14.000  3.002 m>s”. Tak? canister of red dye, hoping to hit a target on the ground below. If the
the origin of coordinates to be at the base of the tower. (a) Find fige is flying in a horizontal path 90.0 m above the ground and has
constant®, B, C, and D including their Sl units. (b) At the instant speed 0B4.0 s 1143 mbh2, at what horizontal distance from

after the rocket is fired, what are its acceleration vector and #3 15rget should the pilot release the canister? Ignore air resistance.
velocity? (c) What are the and ycomponents of the rocketsve 3 49 " A movie stuntwoman drops from a helicopter that is

locity 10.0 s after it is fired, and how fast is it moving? (d) What |§OO m above the ground and moving with a constant velocity

the position vector of the rocket 10.0 s after it is fired? whose components ate.0 ms upward andl5.0 n¥s horizon

3.40 --- CALCA faulty model rocket moves in the -fr}ane tal and toward the south. Ignore air resistance. (3) Where on the
(the positive ydirection is vertlcallzy upward). The rocket's accel 5.,,nq (relative to the position of the helicopter when she drops)
eration has componenglt2 = at® anda,t2 = b - gt, where g4 the stuntwoman have placed foam mats to break her fall?
a =250 m>s4 b = 9.00 ms?, and g = 1.40 ms’. At t =0 (b) Draw xt, y-t, v,@ andvy graphs of her motion.

the rocket is at the origin and has velodity v Vvo,@ Wlth 3.49 - An airplane is flying with a velocity 080.0 n¥s at an

Vo = 1.00 n¥s andvo, = 7.00 n¥s. (@) Calculate the velocity and g6 6f23.0 above the horizontal. When the plane is 114 m
position vectors as functions of time. (b) What is the maximuge iy ahove a dog that is standing on level ground, a suitcase
height reached by the ro_cket? (c) What is the horizontal dlspla{.:ﬁops out of the luggage compartment. How far from the dog will
ment of the rocket when it returnsyo= 0 the suitcase land? Ignore air resistance.

3.41 - CALCIf } bt’d ct3a. where b and c are positive3 50 .. A cannon, located 60.0 m from the base of a vertical
constants, when does the velocity vector make an angle.0f 55 o__t4| cliff, shoots a 15-kg shell48.0 above the horizontal

with the x and yaxes? N i ) toward the cliff. (@) What must the minimum muzzle velocity be
3.42 -+ CALCThe position of a dragonfly that is flying par-,; the shell to clear the top of the cliff? (b) The ground at the top

allel to the groung?SiZS given as a fl;:sgti%n of time by of the cliff is level, with a constant elevation of 25.0 m above the
32.90 m+ 10.0900 ms"2"4d  10.0150 ms"x™® (@) At what 50060 Under the conditions of part (a), how far does the shell

value of t does the velocity vector of the dragonfly make an angle, 4 past the edge of the cliff?
of 30.0 clockwise from thet x-axis? (b) At the time calculated in 51 - CP CALCA toy rocket is launched with an initial ve

part (a), what are the magnitude and direction of the dragonflizir, of 12.0 mes in the horizontal direction from the roof of a

acceleration vector? ) 30.0-m-tall building. The rocket’'s engine produces a horizontal
3.43 -+ CPA test rocket Figure P3.43 acceleration ofl1.60 n¥s2, in the same direction as the initial
;tartlng from rest at pomt. A velocity, but in the vertical direction the acceleration,isigvn

!S launched by acgelgratlng ward. Ignore air resistance. What horizontal distance does the
it along a ZQ0.0-m incline at 009«\ rocket travel before reaching the ground?

190@52 (Fig. P3-43°- The * 3.52 .- An important piece of landing equipment must be
incline rises at 35.0° above 35.0° thrown to a ship, which is moving 46.0 cn¥s, before the ship

the horizontal, and at the"n A can dock. This equipment is thrownl1&t0 n®s at 60.0° above the
stant the rocket leaves it, the . . . ) horizontal from the top of a tower at the edge of the water, 8.75 m
engines turn off and the rocket is subject to gravity only (ignoLg e the ship's deckig. P3.53. For this equipment to land at

air resistance). Find (a) the maximum height above thg ground % front of the ship, at what distance D from the dock should the
the rocket reaches, and (b) the rocket’s greatest horizontal ra§g$ be when the equipment is thrown? Ignore air resistance.
beyond point A.

3.44 -- CALCA bird flies in the xyplane with a velocity vector _.

given byV 1a - bt?2d0 gtB witha = 2.4 s, b = 1.6 n¥s, Figure P3.52 15.0 ms
andg = 4.0 mps>. The positive ydirection is vertically upward.

At t = 0 the bird is at the origin. (a) Calculate the position and
acceleration vectors of the bird as functions of time. (b) What is
the bird’s altitude y-coordinate) as it flies over = O for the first 45.0 cms
time aftert = 07

3.45 -+ A sly 1.5-kg monkey and a jungle veterinarian with

a blow-gun loaded with a tranquilizer dart are 25 m above the 8.75m
ground in trees 70 m apart. Just as the veterinarian shoots hori
zontally at the monkey, the monkey drops from the tree in a vain
attempt to escape being hit. What must the minimum muzzle ve

locity of the dart be for the dart to hit the monkey before the-mon

key reaches the ground?

3.46 --- Spiraling Up. Birds of prey typically rise up

ward on thermals. The paths these birds take may be spiral-liBéb3 --- The Longest Home Run. According tGuinness World
You can model the spiral motion as uniform circular motion-conRecordsthe longest home run ever measured was hit by Roy “Dizzy”
bined with a constant upward velocity. Assume that a bird-coiBarlyle in a minor league game. The ball traveled 188 m (618 ft)
pletes a circle of radius 6.00 m every 5.00 s and rises verticallybafore landing on the ground outside the ballpark. (a) If the ball's

60.0°
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initial velocity was in a directiod5 above the horizontal, what Figure P3.58

did the initial speed of the ball need to be to produce such a home

run if the ball was hit at a point 0.9 m (3.0 ft) above ground level?

Ignore air resistance, and assume that the ground was perfectly 10.0 ft
flat. (b) How far would the ball be above a fence 3.0 m (10 ft) high

if the fence was 116 m (380 ft) from home plate?

3.54 -+ An Errand of Mercy. An airplane is dropping bales 36.0ft

of hay to cattle stranded in a blizzard on the Great Plains. The

pilot releases the bales at 150 m above the level ground whenghgy ... | ook Out! A snow- Figure P3.59

plane is flying at75 nps in a direction 55° above the horizontaly rdls off a barn roof that
How far in front of the cattle should the pilot release the hay §@pes downward at an angle
that the bales land at the point where the cattle are stranded? of 40 (Fig. P3.59. The edge
3.55 -+ A baseball thrown at an angle of 60.0° above the hogf the roof is 14.0 m above the
zontal strikes a building 18.0 m away at a point 8.00 m above §{®und, and the snowball has a
point from which it is thrown. Ignore air resistance. (a) Find théheed 0f7.00 s as it rolls off
magnitude of the ball's initial velocity (the velocity with whichthe roof. Ignore air resistance.
the ball is thrown). (b) Find the magnitude and direction of thg) How far from the edge of the 140m
velocity of the ball just before it strikes the building. barn does the snowball strike

3.56 -+ A water hose is used to fill a large cylindrical storagghe ground if it doesn't strike

tank of diameter D and heighD2The hose shoots the water agnything else while falling?

45° above the horizontal from the same level as the base of thepraw xt, y-t, v@ and V(@

tank and is a distanceD6away Fig. P3.56. For what rangeof  graphs for the motion in part (a). 40m
launch speedivo2 will the water enter the tank? Ignore air resisic) A man 1.9 m tall is standing

tance, and express your answer in terms of D and g 4.0 m from the edge of the barn.

Figure P3.56 Will the snowball hit him?
3.60 - A boy 12.0 m above the ground in a tree throws a ball for
his dog, who is standing right below the tree and starts running

Vg = 7.00 n»s
40°

2D the instant the ball is thrown. If the boy throws the ball horizon
Vo =7 Water tally at 8.50 ns, (@) how fast must the dog run to catch the ball
45° just as it reaches the ground, and (b) how far from the tree will the
dog catch the ball?
6D D 3.61 -- Suppose that the boy in Problem 3.60 throws the ball up

] ) ward at 60.0° above the horizontal, but all else is the same. Repeat
3.57 -+ A grasshopper leaps into the air from the edge of a'Ver;S'arts (@) and (b) of that problem.

cal cliff, as shown irFig. P3..57.Find @ .the initial speed of the 3 62 .." A rock is thrown with a velocityg, at an angle of
grasshopper and (b) the height of the cliff. from the horizontal, from the roof of a building of heightgnore
Figure P3.57 air resistance. Calculate the speed of the rock just before it strikes
the ground, and show that this speed is independer of
3.63 -+ Leaping the River Il. A physics professor did dare
6.74 cm devil stunts in his spare time. His last stunt was an attempt to jump
50.0° across a river on a motorcycli. P3.63. The takeoff ramp was
inclined at53.0, the river was 40.0 m wide, and the far bank was
15.0 m lower than the top of the ramp. The river itself was 100 m
below the ramp. Ignore air resistance. (a) What should his speed

'\Slgglt: have been at the top of the ramp to have just made it to the edge
of the far bank? (b) If his speed was only half the value found in
part (@), where did he land?

1.06 m Figure P3.63
3.58 - Kicking an Extra Point. In Canadian football, after 15.0 m

a tauchdown the team has the opportunity to earn one more point
by kicking the ball over the bar between the goal posts. The bar is
10.0 ft above the ground, and the ball is kicked from ground level,
36.0 ft horizontally from the bar{g. P3.58. Football regula
tions are stated in English units, but convert them to S| units for 100 m
this problem. (a) There is a minimum angle above the ground such

that if the ball is launched below this angle, it can never clear the

bar, no matter how fast it is kicked. What is this angle? (b) If the

ball is kicked at 45.0° above the horizontal, what must its initial 40.0m
speed be if it is just to clear the bar? Express your answe¥sin

and in k.

53.00
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3.64 - A 2.7-kg ball is thrown upward with an initial speed 0of8.70 --- CP Bang! A student sits atop a platform a distance h

20.0 n¥< from the edge of a 45.0-m-high cliff. At the instant thabove the ground. He throws a large firecracker horizontally with

ball is thrown, a woman starts running away from the base atpeed,. However, a wind blowing parallel to the ground gives

the cliff with a constant speed 6f00 mps. The woman runs in a the firecracker a constant horizontal acceleration with magni

straight line on level ground. Ignore air resistance on the ball. {ajie a. As a result, the firecracker reaches the ground directly

At what angle above the horizontal should the ball be thrown kelow the student. Determine the heighh terms ofv, a, and g

that the runner will catch it just before it hits the ground, and hdgnore the effect of air resistance on the vertical motion.

far does she run before she catches the ball? (b) Carefully sk&cH. -- An airplane pilot sets a compass course due west and

the ball's trajectory as viewed by (i) a person at rest on the groundintains an airspeed 8R0 kn#h. After flying for 0.500 h, she

and (ii) the runner. finds herself over a town 120 km west and 20 km south of her

3.65 - A 76.0-kg rock is rolling horizontally at the top of a verti starting point. (@) Find the wind velocity (magnitude and direction).

cal cliff that is 20 m above the surface of a lakig(P3.69. The (b) If the wind velocity is40 knPh due south, in what direction

top of the vertical face of a dam is located 100 m from the fogtould the pilot set her course to travel due west? Use the same

of the cliff, with the top of the dam level with the surface of thairspeed o220 kn#h.

water in the lake. A level plain is 25 m below the top of the dard.72 -- Raindrops. When a train’s velocity i42.0 n¥s east

(& What must be the minimum speed of the rock just as it leavesrd, raindrops that are falling vertically with respect to the earth

the cliff so that it will reach the plain without striking the dam®nake traces that are inclind@.0 to the vertical on the windows of

(b) How far from the foot of the dam does the rock hit the plainZhe train. (@) What is the horizontal component of a drop’s velocity
with respect to the earth? With respect to the train? (b) What is

Figure P3.65 the magnitude of the velocity of the raindrop with respect to the
Vo earth? With respect to the train?
3.73 --- In a World Cup soccer match, Juan is running due north
20m Cliff toward the goal with a speed&D0 n¥s relative to the ground. A
100 m teammate passes the ball to him. The ball has a spd@dorfirs

and is moving in a directioB7.0 east of north, relative to the

ground. What are the magnitude and direction of the ball's veloc

ity relative to Juan?

) 3.74 -- An elevator is moving upward at a constant speed of
Plain 2.50 s, A bolt in the elevator ceiling 3.00 m above the elevator

floor works loose and falls. (@) How long does it take for the bolt to

3.66 - Tossing Your Lunch. Henrietta is jogging on the side fall to the elevator floor? What is the speed of the bolt just as it hits

walk at 3.05 s on the way to her physics class. Bruce realizeke elevator floor (b) according to an observer in the elevator?

that she forgot her bag of bagels, so he runs to the window, whichAccording to an observer standing on one of the floor landings of

is 38.0 m above the street level and directly above the sidewaHe building? (d) According to the observer in part (c), what distance

to throw the bag to her. He throws it horizontally 9.00 s after sHl the bolt travel between the ceiling and the floor of the elevator?

has passed below the window, and she catches it on the run. Ig8or& -- Two soccer players, Mia and Alice, are running as Alice

air resistance. (a) With what initial speed must Bruce throw thasses the ball to Mia. Mia is running due north with a speed of

bagels so that Henrietta can catch the bag just before it hits /@0 m>s. The velocity of the ball relative to Mia is 5.00 in a

ground? (b) Where is Henrietta when she catches the bagels? direction30.0 east of south. What are the magnitude and direc

3.67 -+ A cart carrying a vertical missile launcher moves hortion of the velocity of the ball relative to the ground?

zontally at a constant velocity 80.0 n®s to the right. It launches 3.76 -- DATA A spring-gun projects a small rock from the

a rocket vertically upward. The missile has an initial verticgiround with speedg at an anglay above the ground. You have

velocity of 40.0 s relative to the cart. (a) How high does théeen asked to determing. From the way the spring-gun is eon

rocket go? (b) How far does the cart travel while the rocket is structed, you know that to a good approximatigis independent

the air? (c) Where does the rocket land relative to the cart? of the launch angle. You go to a level, open field, select a launch

3.68 - Afirefighting crew uses a water cannon that shoots watengle, and measure the horizontal distance the rock travels. You

at25.0 n¥s at a fixed angle of 53.0° above the horizontal. The fireiseg = 9.80 ms® and ignore the small height of the end of the

fighters want to direct the water at a blaze that is 10.0 m abering-gun’s barrel above the ground. Since your measurement in

ground level. How far from the building should they positiogludes some uncertainty in values measured for the launch angle

their cannon? There are twossibilities; can you get them both%and for the horizontal range, you repeat the measurement for sev

(Hint: Start with a sketch showing the trajectory of the water.) eral launch angles and obtain the results given in Fig. 336.

3.69 --- In the middle of the night you are standing a horizontal

distance of 14.0 m from the high fence that surrounds the estatE'@f"® 7376

your rich uncle. The top of the fence is 5.00 m above the ground. Distance (m)

You have taped an important message to a rock that you want to 12.00

throw over the fence. The ground is level, and the width of the

fence is small enough to be ignored. You throw the rock from a 10.00

height of 1.60 m above the ground and at an angi$ &f above

the horizontal. (@) What minimum initial speed must the rock have 8.00

as it leaves your hand to clear the top of the fence? (b) For the

initial velocity calculated in part (a), what horizontal distance be Launch

. 6.00
yond the fence will the rock land on the ground? 15.0 350 550  7s.0angle()

Lake
Dam 25m
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ignore air resistance because there is no wind and the rock is siadl head downstream. They catch up with and retrieve the bottle
and heavy. (a) Select a way to represent the data well as a strdighich has been moving along with the current) 5.0 km downstream
line. (b) Use the slope of the best straight-line fit to your data frdnom the turnaround point. (&) Assuming a constant paddling effort
part (a) to calculatgg. (c) When the launch angle 36.9, what throughout, how fast is the river flowing? (b) What would the canoe
maximum height above the ground does the rock reach? speed in a still lake be for the same paddling effort?

3.77 -- DATA You have constructed a hair-spray-powered p@.81 --- CP A rocket designed to place small payloads into orbit
tato gun and want to find the muzzle spegdof the potatoes, is carried to an altitude of 12.0 km above sea level by a converted
the speed they have as they leave the end of the gun barrel. &oliner. When the airliner is flying in a straight line at a constant
use the same amount of hair spray each time you fire the gun, sipeled 0850 kn#h, the rocket is dropped. After the drop, the air
you have confirmed by repeated firings at the same height thaer maintains the same altitude and speed and continues to fly
the muzzle speed is approximately the same for each firing. Moua straight line. The rocket falls for a brief time, after which its
climb on a microwave relay tower (with permission, of coursepcket motor turns on. Once that motor is on, the combined effects
to launch the potatoes horizontally from different heights abowé thrust and gravity give the rocket a constant acceleration of
the ground. Your friend measures the height of the gun barnehgnitude 3.0 directed at an angle 80.0 above the horizen
above the ground and the rarigef each potato. You obtain thetal. For safety, the rocket should be at least 1.00 km in front of the

following data: airliner when it climbs through the airliner’s altitude. Your job is
to determine the minimum time that the rocket must fall before
Launch height h Horizontal range R its engine starts. Ignore air resistance. Your answer should include
2.00m 104 m (i) a diagram showing the flight paths of both the rocket and
6.00m 171m the airliner, labeled at several points with vectors for their veloci
9.00 m 21.3m ties and accelerations; (ii) anat graph showing the motions of

both the rocket and the airliner; and (iii) & graph showing the
motions of both the rocket and the airliner. In the diagram and

Each of the values df and R has some measurement error: THae graphs, indicate when the rocket is dropped, when the rocket
muzzle speed is not precisely the same each time, and the baRRIPr turns on, and when the rocket climbs through the altitude
isn't precisely horizontal. So you use all of the measurementsofgthe airliner.
get the best estimate @f. No wind is blowing, so you decide
to ignore air resistance. You uge= 9.80 n¥s’ in your analy
sis. (a) Select a way to represent the data well as a straight lineASSAGE PROBLEMS
(b) Use the slope of the best-fit line from part (a) to calculate the
average value of. () What would be the horizontal range of &'C BALLISTIC SEED DISPERSAlome plants disperse
potato that is fired from ground level at an angle8@f® above their seeds when the fruit splits and contracts, propelling the
the horizontal? Use the valuewfthat you calculated in part (b). S€eds through the air. The trajectory of these seeds can be deter
3.78 .- DATAYou are a member of a geological team imined with a high-spee_d camera. In an experiment on one type
Central Africa. Your team comes upon a wide river that is flowingf Plant, seeds are projected at 20 cm above ground level with
east. You must determine the width of the river and the curréitial speeds between 2r8>s and 4.6m>s. The launch angle is
speed (the speed of the water relative to the earth). You ha/@gasured from the horizontal, with90 corresponding to an
small boat with an outboard motor. By measuring the time it takgdial velocity straight up and 90 straight down.
to cross a pond where the water isn't flowing, you have calibratd@2 The experiment is designed so that the seeds move no
the throttle settings to the speed of the boat in still water. Y8ipre than 0.20 mm between photographic frames. What mini
set the throttle so that the speed of the boat relative to the river 84N frame rate for the high-speed camera is needed to achieve
constant 6.00n>s. Traveling due north across the river, you readiis? (@) 250 frames; (b) 2500 frames; (c) 25,000 frames;
the opposite bank in 20.1 s. For the return trip, you change {Hx 250,000 frames.
throttle setting so that the speed of the boat relative to the watéd3 About how long does it take a seed launched at 90° at the
is 9.00m>s. You travel due south from one bank to the other aftighest possible initial speed to reach its maximum height? Ignore
cross the river in 11.2 s. () How wide is the river, and what is tAl resistance. (@) 0.23 s; (b) 0.47 s; (¢) 1.0's; (d) 2.3 s.
current speed? (b) With the throttle set so that the speed of $#e# |f a seed is launched at an angle of 0° with the maximum
boat relative to the water is 6.0bs, what is the shortest time in initial speed, how far from the plant will it land? Ignore air resis
which you could cross the river, and where on the far bank wol@'c€. and assume that the ground is flat. () 20 cm; (b) 93 cm;
you land? (€)2.2m; (d) 4.6 m.
3.85 A large number of seeds are observed, and their initial
launch angles are recorded. The range of projection angles is
CHALLENGE PROBLEMS found to be- 51 to 75° with a mean of 31°. Approximately 65%
3.79 .-+ CALCA projectile thrown from a point P moves in suchof the seeds are launched between 6° and 56°. (See W. J. Garrison
a way that its distance from P is always increasing. Find the mast al., “Ballistic seed projection in two herbaceous speclangr.
mum angle above the horizontal with which the projectile could Bot.,Sept. 2000, 87:9, 1257—-64.) Which of these hypotheses is
have been thrown. Ignore air resistance. best supported by the data? Seeds are preferentially launched
3.80 --- Two students are canoeing on a river. While headir{g) at angles that maximize the height they travel above the plant;
upstream, they accidentally drop an empty bottle overboard. THby at angles below the horizontal in order to drive the seeds into
then continue paddling for 60 minutes, reaching a point 2.0 kive ground with more force; (c) at angles that maximize the hori
farther upstream. At this point they realize that the bottle z®ntal distance the seeds travel from the plant; (d) at angles that
missing and, driven by ecological awareness, they turn arounchimize the time the seeds spend exposed to the air.

12.00 m 258 m
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Answers

?

Chapter Opening Question :

(i) A cyclist going around a curve at constant speed has-an dashed line). The effect of gravity is to make both the monkey
celeration directed toward the inside of the curve (see Section &ad the dart fall the same distarkgi2 below theirg = 0 po-
especially Fig. 3.12a). sitions. Point Ais the same distance below the monkey’s initial
position as point Bs below the dashed straight line, so poins A
where we would find the monkey at the time in question.

3.4 (ii) Atboth the top and bottom of the loop, the acceleration
3.1 (iii) If the instantaneous velocily is constant over an4in g purely radial and is given by Eq. (3.27). Radiuis Fhe same
terval, its value at any point (including the end of the intervad} hoth points, so the difference in acceleration is due purely to
is the same as the average velogity over the interval. In (i) differences in speed. Sineg, is proportional to the square of

and (ii) the direction of at the end of the interval is tangent tQhe speed must be twice as great at the bottom of the loop as at
the path at that point, while the direction\gf, points from the the top.

beginning of the path to its end (in the direction of the net dig 5 (vi) The effect of the wind is to cancel the airplane’s-east
placement). In (iv) botl andV,, are directed along the straightyyarq motion and give it a northward motion. So the velocity of
!ine, bu_t\°/ has a greater magnitude because the speed has BRgMir relative to the ground (the wind velocity) must have one
Increasing. _ _ 150-kneh component to the west and one 150-kraomponent

3.2 Vector 7 At the high point of the sled’s path, the speed ig, the north. The combination of these is a vector of magnitude

minimum. At that point the speed is neither increasing ner dg 1150 knph22 + 1150 kith22 = 212 kneh that points to the
creasing, and the parallel component of the acceleration (thatyigsthwest.

the horizontal component) is zero. The acceleration has only a

perpendicular component toward the inside of the sled’s curvedidging Problem

path. In other words, the acceleration is downward. ov2 coglu + f 2sinf
3.3 (i) Ifthere were no gravityg = 02, the monkey would not (a) R = 0 .
fall and the dart would follow a straight-line path (shown as a 9 cosu

Test Your Understanding Questions

u
(b) f =45 -



Under what circumstances

= does the barbell push on
the weightlifter just as hard as
he pushes on the barbell?
(i) When he holds the barbell
stationary; (ii) when he raises
the barbell; (iii) when he lowers
the barbell; (iv) two of (i), (ii),
and (iii); (v) all of (i), (i), and (iii);
(vi) none of these.

4 NEWTON'S LAWS
OF MOTION

LEARNING GOALS e've seen in the last two chapters how to use kinemttidescribe
_ motion in one, two, or three dimensions. But what calmetes to
Looking forward at ... move the way that they do? For example, why does a dropped feather

4.1 What the concept of force means in physicsfa|| more slowly than a dropped baseball? Why do you feel pushed backward in a
xrl¥120;2$?oizz\genc:;%t;ggtthe significancec oy that accelerates forward? The answers to such questions take us inte the sub

42 What happens when the net force on an ject of dynamlcs,the relatlonshlp of motion to the forces tha_t cause it. _
object is zero, and the significance of inertial The principles of dynamics were clearly stated for the first time by Sir Isaac
frames of reference. Newton (1642-1727); today we call them Newton’s laws of motion. The first law

4.3 How the acceleration of an object is deter States that when the net force on a body is zero, its motion doesn't change. The
mined by the net force on the objectand  second law tells us that a body accelerates when the net force is not zero. The
the object’s mass. third law relates the forces that two interacting bodies exert on each other.

4.4 The difference between the mass of an Newton did not derivéhe three laws of motion, but rather deduttesm from
objectand its weight. a multitude of experiments performed by other scientists, especially Galileo Galilei

4.5 How the forces that two objects exerton  yhq died the year Newton was born). Newton's laws are the foundation of
each other are related. . . . ) .

46 How to use a free-body diagram to help classical mechanlcs@l_so c_alled Newtpman mechanigsusing them,_ we can
analyze the forces on an object, understand most familiar kinds of motion. Newton’s laws need modification only

for situations involving extremely high speeds (near the speed of light) or very

Looking back at ... small sizes (such as within the atom).

2.4 Straight-line motion with constant Newton's laws are very simple to state, yet many students find these laws
acceleration. difficult to grasp and to work with. The reason is that before studying physics,

2.5 The motion of freely falling bodies. you've spent years walking, throwing balls, pushing boxes, and doing dozens of

3.2 Acceleration as a vector. things that involve motion. Along the way, you've developed a set of “common

3.4 Uniform circular motion. sense” ideas about motion and its causes. But many of these “common sense”

3.5 Relative velocity. ideas don't stand up to logical analysis. A big part of the job of this chapter—

and of the rest of our study of physics—is helping you recognize how “common
sense” ideas can sometimes lead you astray, and how to adjust your understand-
ing of the physical world to make it consistent with what experiments tell us.

101



102 CHAPTER 4 Newton's Laws of Motion

4.1 Some properties of forces. 4.1 FORCE AND INTERACTIONS

r" GPSDF JT B QVTI PS B QVMM
r" GPSDF JT BO JOUFSBDUJFD evenydayHanguagep a fordsLar push or a pull. A better definition is that a

PS CFUXFFO BO PCKFDU BOfgreelis arPintéractiobetweéen two bodies or between a body and its environ
' 5 SEP SEI?] Z FJJUE; F}’\g DUPS RVEGiehy @ig?(i.l]j.' T‘}HQIJ@%V we Ellways refer to the force that one body ererts
second body. When you push on a car that is stuck in the snow, you exert a force
F (force) on the car; a steel cable exerts a force on the beam it is hoisting at a construction
site; and so on. As Fig. 4.1 shows, force veetorquantity; you can push or pull
Push a body in different directions.

When a force involves direct contact between two bodies, such as a push
or pull that you exert on an object with your hand, we call it a contact force.
Figures 4.23 4.2b, and 4.2c show three common types of contact forces. The
normal force (Fig. 4.2a) is exerted on an object by any surface with which it is
4.2 Four common types of forces. in contact. The adjective normaleans that the force always acts perpendicular

s . to the surface of contact, no matter what the angle of that surface. By contrast,
(a) Normal force h: When an object rests or o . .
pushes on a surface, the surface exerts a push Hie friction force (Fig. 4.2b) exerted on an object by a surface acts patallel
it that is directed perpendicular to the surface. the surface, in the direction that opposes sliding. The pulling force exerted by a
stretched rope or cord on an object to which it's attached is called a tension force
A (Fig. 4.2c). When you tug on your dog’s leash, the force that pulls on her collar is
f a tension force.

In addition to contact forces, there are long-range forded act even when
the bodies are separated by empty space. The force between two magnets is an
example of a long-range force, as is the force of gravity (Fig. 4.2d); the earth
pulls a dropped object toward it even though there is no direct contact between
the object and the earth. The gravitational force that the earth exerts on your

To

Pull

S
(b) Friction force f: In addition to the normal
force, a surface may exert a friction force on an

object, directed parallel to the surface. body is Ca”_ed your weight. . o o
To describe a force vectbr, we need to describe the directionwhich it acts
A as well as its magnitudéhe quantity that describes “how much” or “how hard”

the force pushes or pulls. The Sl unit of the magnitude of force is the newton,
abbreviated N. (We'll give a precise definition of the newton in Section 4.3)
Table 4.1lists some typical force magnitudes.

A common instrument for measuring force magnitudes is the spring balance.
(c) Tension force T: A pulling force exerted on It consists of a coil spring enclosed in a case with a pointer attached to one end.
an object by a rope, cord, etc. When forces are applied to the ends of the spring, it stretches by an amount that
depends on the force. We can make a scale for the pointer by using a number of
identical bodies with weights of exactly 1 N each. When one, two, or more of
these are suspended simultaneously from the balance, the total force stretching
the spring is 1 N, 2 N, and so on, and we can label the corresponding positions
of the pointer 1 N, 2 N, and so on. Then we can use this instrument to measure
the magnitude of an unknown force. We can also make a similar instrument that
measures pushes instead of pulls.

—0

—o

(d) Weight W: The pull of gravity on an object
is a long-range force (a force that acts over

" dstance) TABLE 4.1 Typical Force Magnitudes

Sun’s gravitational force on the earth 35* 10PN

W Weight of a large blue whale 1.9* 1PN
Maximum pulling force of a locomotive 8.9* 1°N
Weight of a 250-Ib linebacker 1.1* 163N
Weight of a medium apple 1N
Weight of the smallest insect eggs 2* 106N
Electric attraction between the proton and the electron in a hydrogen atom 8.2 * 108N
Weight of a very small bacterium 1* 108N
Weight of a hydrogen atom 16* 102N
Weight of an electron 8.9* 10N

Gravitational attraction between the proton and the electron in a hydrogen a®@* 10 4’ N
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4.3 Using a vector arrow to denote the force that we exert \id)guulling a block with
a string or(b) pushing a block with a stick.

(a) A 10-N pull directed 30° above (b) A 10-N push directed 45° below
the horizontal the horizontal
10N
10N
30° 45°

Figure 4.3 shows a spring balance being used to measure a pull or push that
we apply to a box. In each case we draw a vector to represent the applied force.
The length of the vector shows the magnitude; the longer the vector, the greater
the force magnitude.

Superposition of Forces

When you throw a ball, at least two forces act on it: the push ofb your rland and.th&uperposition of forces.

downward pull of gravity. Experiment shows that when two fokgesndF, act Two forces ; and &, acting on a body at

at the same time at the same point on a bbdy @.4, the effect on the body’s point O have the same effect as a single force
motion is the same as if a smgle forIEeNere acting equal to the vector sum, R equal to their vector sum.

or resultant, of the original forceR: Fl Fz More generally, any number of s

forces applied at a point on a body have the same effect as a single force equal F2 R
to the vector sum of the forces. This important principle is called superposition
of forces. o

Since forces are vector quantities and add like vectors, we can use all of the £

rules of vector mathematics that we learned in Chapter 1 to solve problems that

involve vectors. This would be a good time to review the rules for vector addition

presented in Sections 1.7 and 1.8.

We learned in Section 1.8 that |ts easiest to add vectors by using components.

That's why we often describe a forBdn terms of its xand ycomponent$, and

Fy. Note that the xand ycoordinate axes do nbave to be horizontal and verti

cal, respectively. As an example, Fig. 4Hows a crate being pulled up a ramp by

a forceF. In this situation it's most convenient to choose one axis to be parallel

to the ramp and the other to be perpendicular to the ramp. For the case shown in

Fig. 4.5, bottF, andF, are positive; |n other situations, depending on your choice

of axes and the orientation of the foE:eenherFx or Fy may be negative or zero. 4.5 F, andF are the components Bf
paraIIeI and perpendlcular to the sloping

Using a wiggly line in force diagramis Fig. 4.5 we draw a wiggly line surface of the inclined plane.

through the force vectdf to show that we have replaced it by itsaxd ycomponents. \we cross out a

Otherwise, the diagram would include the same force twice. We will draw such a wigglytor when we

line in any force diagram where a force is replaced by its components. Look for this wiglace it by its

gly line in other figures in this and subsequent chapters. components.
y s X
We will often need to find the vector sum (resultant) of@ites acting on a F
body. We call this the net forcacting on the body. We will use the Greek letter E u R
y

a (capital sigma, equivalent to the Ronfras a shorthand notation for a sum.
If the forces are Iabelelél F2, F3, and so on, we can write

The net force S s s s s c
acting on a body ...R gF F F, F3

... is the vector sum, or resultant, of all individual forces acting on that body.

(4.1)

The x- and y-axes can have any orientation,
just so they’re mutually perpendicular.
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46 Finding the components of the vector ~ We readg F as “the vector sum of the forces” or “the net force.” The
sum (resultantR of two forcesk; andF,.  x.component of the net force is the sum of theomponents of the individual

The y-component of R forces, and likewise for thegomponentfig. 4.6):

equals the sum of the y- The same goes for - -
components of Fand K. the x-components. R gk R/ 9k (4.2)
y Each component may be positive or negative, so be careful with signs when you
evaluate these sums.
g F Once we havék, andR, we can find the magnitude and direction of the net
Fay forceR g F acting on the body. The magnitude is
S
F2 - 2 2
R R=2R{+ Ry
; s and the anglel betweenR and the+x@ax can be found from the relationship
Y 1 tanu = R>R,. The componentR, andR, may be positive, negative, or zero, and
o Fiu  Fox X the angleu may be in any of the four quadrants.
In three-dimensional problems, forces may also has@tponents; then we
R add the equatioR, = g F, to Eqg. (4.2). The magnitude of the net force is then
R=2RZ+R?+ R/
(%]
o
SUPERPOSITION OF FORCES §
=z
Three professional wrestlers are fighting over a champion’s Foy = 150 N2cosO = 50N
belt. Figure 4.7a shows the horizontal force each wrestler _ . _
applies to the belt, as viewed from above. The forces have magni Fay = 150 N2sin0 = ON
tudesF; = 250 N, F, = 50 N, andF; = 120 N\. Find the x and Fax = 1120 N2cos270 = ON
y-components of the net force on the belt, and find its magnitude Fa = 1120 N2sin270 = - 120 N
y = =

and direction. . .
From Egs. (4.2) the net foré& g F has components

SOLUTION R¢ = Fix + Fa + Fg = 1- 150 N2 + 50 N+ ON = - 100 N
IDENTIFY and SET UP:This is a problem in vector addition in % = Fyy + Fay + Fgy = 200N+ ON + 1- 120 N2 = 80 N
which the vectors happen to represent forces. We want to fin
thex- and ycomponents of the net for& so we'll use the com The net force has a negativeamponent and a positivegpmpo
ponent method of vector addition expressed by Egs. (4.2). Oneat, as Fig. 4.7b shows.
we know the components &, we can find its magnitude and The magnitude oR is

direction. R=2R2+RZ= 2 1- 100 N2 + 180 N = 128 N

To find the angle between the net force and -tixeaxis, we use
Eq. (1.7):

EXECUTE:From Fig. 4.7a the angles between the three deges
F2, andF3 and the+x-axis arey; = 180 - 53 = 127,u, = 0,
anduz = 270. The x and ycomponents of the three forces are

80N
= 1250 N2cos127 = - 150 N u= arctanzl = arctana 100 Nb = arctarl- 0.8®@
Fiy = 1250 N2sin127 = 200 N - .
The arctangent of 0.8C is - 39, but Fig. 4.7b shows that the net
force lies in the second quadrant. Hence the correct solution is

4.7 (a) Three forces acting on a bel) The net forcdR a F u=-39 +180 = 141.

and its components. EVALUATE:The net force isiot zero. Your intuition should sug
(@) y (b) y gest that wrestler 1 (who exerts the greatest force on the belt,
Net force F, = 250 N) will walk away with it when the struggle ends.
= Fiy R F You should check the direction & by adding the vectors
x- and y-components R Fl, FZ, and F3 graphlcally Does your drawing show that
of Fy . R F, B, E;pointsin the second quadrant as we found?
53° g u= 141
2
S X X
Fix F,has zero R

S -
£, has zero y-component.

x-component. F3
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TEST YOUR UNDERSTANDING OF SECTION 4.1 Figure 4.5 shows a fdfce
acting on a crate. With the and yaxes shown in the figure, which statement about
the components of the gravitationfakce that the earth exerts on the crate (the crate’s
weight) is correc? (i) Both the xand ycomponents are positive. (i) Thkecomponent

is zero and the-gomponent is positive. (iii) The x-component is negative and the
y-component is positive. (iv) Both the x- andgmponents are negative. (v) The
x-component is zero and thecgmponent is negative. (vi) Thecowmponent is positive
and the ycomponent is negative.

4.2 NEWTON'S FIRST LAW 4.8 The slicker the surface, the farther a

puck slides after being given an initial

How do the forces that act on a body affect its motion? To begin to answer}’ﬁi?%:]y%o?geﬁg air-hockey taye) the
. . . . practically zero, so the
question, let's first consider what happens when the net force on a body is gg&R-continues with almost constant
You would almost certainly agree that if a body is at rest, and if no net force asitgity.
on it (that is, no net .push or pull), t_hat body will remain at rest. But what if the&s Table: puck stops short.
is zero net force acting on a body in mo#ion
To see what happens in this case, suppose you slide a hockey puck along a
horizontal tabletop, applying a horizontal force to it with your hasg. (4.83.
After you stop pushing, the pudoes notontinue to move indefinitely; it slows
down and stops. To keep it moving, you have to keep pushing (that is, applying a
force). You might come to the “common sense” conclusion that bodies in motion
naturally come to rest and that a force is required to sustain motion.
But now imagine pushing the puck across a smooth surface of ice (Fig. 4.8b).
After you quit pushing, the puck will slide a lot farther before it stops. Put it on
an air-hockey table, where it floats on a thin cushion of air, and it moves still
farther (Fig. 4.8¢). In each case, what slows the puck down is frictiomter
action between the lower surface of the puck and the surface on which it slides. _
Each surface exerts a friction force on the puck that resists the puck’s motion;(méce: puck slides farther.
difference in the three cases is the magnitude of the friction force. The ice exerts
less friction than the tabletop, so the puck travels farther. The gas molecules of
the air-hockey table exert the least friction of all. If we could eliminate friction
completely, the puck would never slow down, and we would need no force at all
to keep the puck moving once it had been started. Thus the “common sense” idea
that a force is required to sustain maotion is incorrect.
Experiments like the ones we've just described show that wheret force
acts on a body, the body either remains at restaes with constant velocity in
a straight line. Once a body has been set in motion, no net force is needed to keep
it moving. We call this observation Newton’s first law of motion:

NEWTON’S FIRST LAW OF MOTION: A body acted on by no net force has a (c) Air-hockey table: puck slides even farther.
constant velocity (which may be zero) and zero acceleration.

The tendency of a body to keep moving once it is set in motion is called inertia.
You use inertia when you try to get ketchup out of a bottle by shaking it. First
you start the bottle (and the ketchup inside) moving forward; when you jerk the

during the short time it takes to pull the tablecloth away.
It's important to note that the net force is what matters in Newton's first law.

For example, a physics book at rest on a horizontal tabletop has two forces act

ing on it: an upward supporting force, or normal force, exerted by the tabletop

(see Fig. 4.2a) and the downward force of the earth’s gravity (which acts even if

the tabletop is elevated above the ground; see Fig. 4.2d). The upward push of the

surface is just as great as the downward pull of gravity, so thiengetacting
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4.9 (a) A hockey puck accelerates in the (@) A puck on a frictionless surface (b) This puck is acted on by two
direction of a net applied fordg,. (b) When accelerates when acted on by a horizontal forces whose vector sum
the net force is zero, the acceleration is zero, single horizontal force. is zero. The puck behaves as though

and the puck is in equilibrium.

Application  Sledding with Newton’s

First Law The downward force of gravity
acting on the child and sled is balanced by an
upward normal force exerted by the ground.
The adult’s foot exerts a forward force that
balances the backward force of friction on the
sled. Hence there is no net force on the child
and sled, and they slide with a constant
velocity.

ZERO NET FORCE MEANS CONSTANT VELOCITY

no forces act on it.

on the book (that is, the vector sum of the two forces) is zero. In agreement with
Newton’s first law, if the book is at rest on the tabletop, it remains at rest. The
same principle applies to a hockey puck sliding on a horizontal, frictionless
surface: The vector sum of the upward push of the surface and the downward
pull of gravity is zero. Once the puck is in motion, it continues to move with
constant velocity because the net force acting on it is zero.

Here’s another example. Suppose a hockey puck rests on a horizontal surface
with negligible friction, such as an air-hockey table or a slab of wet ice. If the
puck is initially at rest and a single horizontal foFgeacts on it Fig. 4.99, the
puck starts to move. If the puck is in motion to begin with, the force changes its
speed, its direction, or both, depending on the direction of the force. In this case
the net force is equal tg, which is notzero. (There are also two vertical forces:
the earth’'s gravitational attraction and the upward normal force exerted by the
surface. But as we mentioned earlier, these two forces cancel)) .

Now suppose we apply a second fotee(Fig. 4.9b), equal in magnitude f@
but opposite in direction. The two forces are negatives of each Bsher, Fq,
and their vector sum is zero:

g IE lb:l IEZ lb:l 1 lb:12 0

Again, we find that if the body is at rest at the start, it remains at rest; if it is
initially moving, it continues to move in the same direction with constant speed.
These results show that in Newton’s first law, zero net force is equivalent to no
force at all. This is just the principle of superposition of forces that we saw in
Section 4.1.

When a body is either at rest or moving with constant velocity (in a straight
line with constant speed), we say that the body is in equilibrikor. a body to
be in equilibrium, it must be acted on by no forces, or by several forces such that
their vector sum—that is, the net force—is zero:

Newton’s rst law: E 0 ... must be zero if body
Net force on a body ... g9 is in equilibrium.

(4.3)

We're assuming that the body can be represented adequately as a point par
ticle. When the body has finite size, we also have to consider whete body
the forces are applied. We'll return to this point in Chapter 11.

NOILNT0S

In the classic 1950 science-fiction film Rocketship XaMpace goyTION
ship is moving in the vacuum of outer space, far from any star or

planet, when its engine dies. As a result, the spaceship slows dbif

forces act on the spaceship after the engine dies, so according

and stops. What does Newton's first law say about this scene? to Newton’s first law it will not stop but will continue to move in a

straight line with constant speed. Some science-fiction movies are
based on accurate science; this is not one of them.



4.2 Newton’s First Law 107

CONSTANT VELOCITY MEANS ZERO NET FORCE

NOILNT0S

You are driving a Maserati GranTurismo S on a straight testing tradlserati's high-power engine, it's true that the track exerts
at a constant speed280 kn#h. You pass a 1971 Volkswagen Beetla greater forward force on your Maserati than it does on the
doing a constant5 knPh. On which car is the net force greater? Volkswagen. But a backwarfbrce also acts on each car due to
road friction and air resistance. When the car is traveling with con
stant velocity, the vector sum of the forward and backward forces
The key word in this question is “net.” Both cars are in equilibriuis zero. There is more air resistance on the fast-moving Maserati
because their velocities are constant; Newton'’s first law therefohan on the slow-moving Volkswagen, which is why the Maserati's
says that the net force on each car is zero. engine must be more powerful than that of the Volkswagen.

This seems to contradict the “common sense” idea that the
faster car must have a greater force pushing it. Thanks to your

SOLUTION

Inertial Frames of Reference

In discussing relative velocity in Section 3.5, we introduced the concept of frame of
reference.This concept is central to Newton's laws of motion. Suppose you are in
a bus that is traveling on a straight road and speeding up. If you could stand in the
aisle on roller skates, you would start moving backwaefative to the bus as the
bus gains speed. If instead the bus was slowing to a stop, you would start moving
forward down the aisle. In either case, it looks as though Newton’s first law is not
obeyed; there is no net force acting on you, yet your velocity changes. What's wrong?

The point is that the bus is accelerating with respect to the earth andais not
suitable frame of reference for Newton’s first law. This law is valid in some frames
of reference and not valid in others. A frame of reference in which Newton’s first
law is valid is called an inertial frame of reference. The earth is at least approxi
mately an inertial frame of reference, but the bus is not. (The earth is not a com
pletely inertial frame, owing to the acceleration associated with its rotation and its
motion around the sun. These effects are quite small, however; see Exercises 3.23
and 3.28.) Because Newton's first law is used to define what we mean by an inertial
frame of reference, it is sometimes called the law of inertia.

Figure 4.10helps us understand what you experience when riding in a vehicle
that’s accelerating. In Fig. 4.10a, a vehicle is initially at rest and then begins to

4.10 Riding in an accelerating vehicle.

(@ Initially, you and the (b) Initially, you and the (c) The vehicle rounds a turn
vehicle are at rest. vehicle are in motion. at constant speed.
s S,
v 0 _ v _
t=0 t=0 t=0 o
5 &
v i
t=1t t=1
5 &
t=1
S
v v &
t=2t 5 t=2t
&
s S
$ v
t=3t t= 3t t=2t
& & 5
You tend to remain at rest as the You tend to continue moving
vehicle accelerates around you. with constant velocity as the

vehicle slows down around you.

v
You tend to continue moving in a

straight line as the vehicle turns.
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4.11 From the frame of reference of the

accelerate to the right. A passenger standing on roller skates (which neady elimi
nate the effects of friction) has virtually no net force acting on her, so she tends
to remain at rest relative to the inertial frame of the earth. As the vehicle acceler
ates around her, she moves backward relative to the vehicle. In the same way,
a passenger in a vehicle that is slowing down tends to continue moving with
constant velocity relative to the earth, and so moves forward relative to the
vehicle (Fig. 4.10b). A vehicle is also accelerating if it moves at a constant speed
but is turning (Fig. 4.10c). In this case a passenger tends to continue moving rela-
tive to the earth at constant speed in a straight line; relative to the vehicle, the
passenger moves to the side of the vehicle on the outside of the turn.

In each case shown in Fig. 4.10, an observer in the vehicle’s frame of reference

car, it seems as though a force is pushing might he tempted to conclude that theraiset force acting on the passenger,
the crash test dummies forward as the ca ince the passenger’s velocity relative to the veldbknges in each case. This
comes to a sudden stop. But there is reallf P 9 y 9 )

no such force: As the car stops, the dum- conclusion is simply wrong; the net force on the passenger is indeed zero. The

mies keep moving forward as a conse-
qguence of Newton’s first law.

vehicle observer's mistake is in trying to apply Newton’s first law in the vehicle’s
frame of reference, which is nat inertial frame and in which Newton’s first law
isn't valid (Fig. 4.11. In this book we will use onlinertial frames of reference.

We've mentioned only one (approximately) inertial frame of reference: the
earth’s surface. But there are many inertial frames. If we have an inertial frame
of reference Ain which Newton’s first law is obeyed, then any second frame
of reference Bwill also be inertial if it moves relative to #ith constant
velocity Vgsa. We can prove this by using the relative-velocity relationship
Eg. (3.35) from Section 3.5:

Suppose thaP is a body that moves with constant velodii with respect

to an inertial frame ABy Newton'’s first law the net force on this body is zero.
The velocity of Prelative to another frame Bas a different valugjpsg

Vpsa  Vpgsa. But if the relative velocityigsy of the two frames is constant,
thenVpsg is constant as well. ThusiBalso an inertial frame; the velocity of P
in this frame is constant, and the net force as Pero, so Newton’s first law

is obeyed in BObservers in frames &and Bwill disagree about the velocity
of P, but they will agree tha® has a constant velocity (zero acceleration) and
has zero net force acting on it.

There is no single inertial frame of reference that is preferred over all others
for formulating Newton's laws. If one frame is inertial, then every other frame
moving relative to it with constant velocity is also inertial. Viewed in this light,
the state of rest and the state of motion with constant velocity are not very different;
both occur when the vector sum of forces acting on the body is zero.

TEST YOUR UNDERSTANDING OF SECTION 4.2  In which of the following situ-
ations is there zero net force on the body? (i) An airplane flying due north at a steady
120 nps and at a constant altitude; (ii) a car driving straight up a hill wghsdope at a
constan®0 knh; (i) a hawk circling at a constag0 kneh at a constant height of 15 m
above an open field; (iv) a box with slick, frictionless surfaces in the back of a truck as
the truck accelerates forward on a level road at®.m

4.3 NEWTON'S SECOND LAW

Newton’s first law tells us that when a body is acted on by zero net force, the
body moves with constant velocity and zero acceleration. In Fig. dalldackey

puck is sliding to the right on wet ice. There is negligible friction, so there are
no horizontal forces acting on the puck; the downward force of gravity and
the upward normal force exerted by the ice surface sum to zero. So the net force
a F acting on the puck is zero, the puck has zero acceleration, and its velocity is
constant.
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(a) If there is zero net force on the puck, b go,.. 4.12 Using a hockey puck on a friction-
less surface to explore_the relationship
between the net forcg F on a body and
the resulting acceleratianof the body.

S
\

... the puck has zero accelerati

S,
\

n (D) and its velocity v is constant.

<
on <»
<n

S . . . .
(b) If a constant net force B acts on the puck in the direction of its motion ...

S S S S S

F F F F F

: o o o

... the puck has a constant acceleration a in the same direction as the net force.

<
<

(c) If a constant net forcel% acts on the puck opposite to the direction of its motion ...

F F F F F _ _
4.13 A top view of a hockey puck in

a a 4 ) a uniform circular motion on a frictionless
horizontal surface.

Puck moves at constant speed
v v v v v around circle.
... the puck has a constant acceleration a in the same direction as the net force.

<o

F &
Vg £
But what happens when the net force is not zero? In Fig. 4.12b we apply a Rope
constant horizontal force to a sliding puck in the same direction that the puck
is moving. Theng F is constant and in the same horizontal directiok.a&/e Foa
find that during the time the force is acting, the velocity of the puck changes at a s

constant rate; that is, the puck moves with constant acceleration. Tbhe speed oitt:ngoims the acceleratich a and the net

puck increases, so the acceleratids in the same direction &sandg F. force F point in the same direction—always
In Fig. 4.12c we reverse the direction of the force on the puck sq thatcts  toward the center of the circle.

opposite tav. In this case as well, the puck has an acceleration; the puck moves

more and more slowly to_the right. The acceleradion this case is to the left,

in the same direction asF. As in the previous case, experiment shows that the ) ,

L Ly 4.14 The magnitude of a body’s accelera-

acceleration is constantgf F is constant. tion & is directly proportional to the mag-
We conclude that a net force acting on a body causes the body to accelgf@{g of the net forcg F acting on the

in the same direction as the net force. If the magnitude of the net force-is oty of mass m

stant, as in Figs. 4.12b and 4.12c, then so is the magnitude of the acceleration. (a) A constant net force °F causes a
These conclusions about net force and acceleration also apply to a bedy moybnstant acceleration a.

ing along a curved path. For exampigg. 4.13 shows a hockey puck moving in Y

a horizontal circle on an ice surface of negligible friction. A rope is attached to

the puck and to a stick in the ice, and this rope exerts an inward tension force ofm 3

constant magnitude on the puck. The net force and acceleration are both constant

in magnitude and directed toward the center of the circle. The speed of the pu% Doubling the net force doubles the

is constant, so this is uniform circular motion, as discussed in Section 3.4. acceleration.

Figure 4.14ashows another experiment to explore the relationship between 2%
acceleration and net force. We apply a constant horizontal force to a puck on a
frictionless horizontal surface, using the spring balance described in Section 4.1y, E o X
1

with the spring stretched a constant amount. As in Figs. 4.12b and 4.12c,this hor
izontal force equals the net force on the puck. If we change the magnitude of the _

net force, the acceleration changes in the same proportion. Doubling the net foréC C;'fg;’;gg;he force halves the
doubles the acceleration (Fig. 4.14b), halving the net force halves the acceleration 15 '

(Fig. 4.14c), and so on. Many such experiments show that for any given body, the ?

magnitude of the acceleration is directly proportional to the magnitude of the m s X
net force acting on the body. Fozh
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4.15 For a given net force F actingon a

body, the acceleration is inversely propor-

Mass and Force

Our results mean that for a given body, the raficthe magnitudely F ( of the

net force to the magnitude= G( of the acceleration is constant, regardless of
the magnitude of the net force. We call this ratio the inertial nassmply the
mass,of the body and denote it by m. That is,

EC | F
= ® or @FO=ma o a= ®
a m

m (4.4)
Mass is a quantitative measure of inertia, which we discussed in Section 4.2.
The last of the equations in Eqgs. (4.4) says that the greater a body’s mass, the
more the body “resists” being accelerated. When you hold a piece of fruit in your
hand at the supermarket and move it slightly up and down to estimate its heft,
you're applying a force and seeing how much the fruit accelerates up and down
in response. If a force causes a large acceleration, the fruit has a small mass; if
the same force causes only a small acceleration, the fruit has a large mass. In the
same way, if you hit a table-tennis ball and then a basketball with the same force,
the basketball has much smaller acceleration because it has much greater mass.
The Sl unit of mass is the kilogramWe mentioned in Section 1.3 that the
kilogram is officially defined to be the mass of a cylinder of platinum—iridium
alloy kept in a vault near Paris (Fig. 1.4). We can use this standard kilogram,
along with Egs. (4.4), to define the newton:

One newton is the amount of net force that gives an acceleration of 1 meter per
second squared to a body with a mass of 1 kilogram.

This definition allows us to calibrate the spring balances and other instruments

used to measure forces. Because of the way we have defined the newton, it is
related to the units of mass, length, and time. For Egs. (4.4) to be dimensionally

consistent, it must be true that

1 newton= 11 kilogran211 meter per second squé&

tional to the mass of the body. Masses ad((j)r

like ordinary scalars.

s .
(a) A known force F causes an object
with mass mto have an acceleration.a

& .

F
my

(b) Applying the same force Ftoa
second object and noting the acceleration
allow us to measure the mass.

&

S

F

(c) When the two objects are fastened
together, the same method shows that
their composite mass is the sum of their
individual masses.

&

m +m

1N = 1 kg™n>s?

We will use this relationship many times in the next few chapters, so keep it in mind.
We can also use Egs. (4.4) to compare a mass with the standard mass and thus

to measuremasses. Suppose we apply a constant net tpfe¢o a body having

a known massii; and we find an acceleration of magnitudgFig. 4.153. We

then apply the same force to another body having an unknownimpaaad we

find an acceleration of magnitudg (Fig. 4.15b). Then, according to Egs. (4.4),

g = Ilpdy
Mmy a
= (same net force) (4.5)
m &

For the same net force, the ratio of the masses of two bodies is the inverse of the
ratio of their accelerations. In principle we could use Eq. (4.5) to measure an
unknown massii,, but it is usually easier to determine mass indirectly by mea-
suring the body’s weighte'll return to this point in Section 4.4.

When two bodies with masseag andin, are fastened together, we find that
the mass of the composite body is always+ m, (Fig. 4.15c). This additive
property of mass may seem obvious, but it has to be verified experimentally.
Ultimately, the mass of a body is related to the number of protons, electrons, and
neutrons it contains. This wouldn't be a good way to defiass because there
is no practical way to count these particles. But the concept of mass is the most
fundamental way to characterize the quantity of matter in a body.
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Stating Newton’s Second Law

Experiment shows that the nkmrce on a body is what causes that body to ac-
celerate. If a combination of forcé?g F2, F3, and so on is applied to a body,
the body will have the same acceleration veatas when onIy a smgle force is
applied, if that single force is equal to the vector qum F2 F3 P .In

other words, the principle of superposition of forces (see Fig. 4.4) also holds true
when the net force is not zero and the body is accelerating.

Equations (4.4) relate the magnitude of the net force on a body to the-magni
tude of the acceleration that it produces. We have also seen that the direction of
the net force is the same as the direction of the acceleration, whether the body’s
path is straight or curved. What's more, the forces that affect a body’s motion are
externalforces, those exerted on the body by other bodies in its environment.
Newton wrapped up all these results into a single concise statement that we now
call Newton's second law of motion:

NEWTON’'S SECOND LAW OF MOTION: If a net external force acts on a
body, the body accelerates. The direction of acceleration is the same as the
direction of the net force. The mass of the body times the acceleration vector of  4.16 The design of high-performance

the body equals the net force vector. motorcycles depends fundamentally on
Newton's second law. To maximize the
In symbols, forward acceleration, the designer makes
the motorcycle as light as possible (that is,
Newton’s second law: F m§01 .. the body accelerates in same minimizes the mass) and uses the most
If there is a net force on a body .. 9 dlrectlon as the net force. (4.6) powerful engine possible (thus maximiz-
Mass of body ing the forward force).

An alternative statement is that the acceleration of a body is equal to the net
force acting on the body divided by the body’s mass:

5= 9F
m
Newton’'s second law is a fundamental law of nature, the basic relationship be
tween force and motion. Most of the remainder of this chapter and all of the next
are devoted to learning how to apply this principle in various situations.
Equation (4.6) has many practical applicatioRfg(4.16. You've actually
been using it all your life to measure your body’s acceleration. In your inner ear,
microscopic hair cells sense the magnitude and direction of the force that they
must exert to cause small membranes to accelerate along with the rest of your
body. By Newton’s second law, the acceleration of the membranes—and hence
that of your body as a whole—is proportional to this force and has the same di
rection. In this way, you can sense the magnitude and direction of your accelera-
tion even with your eyes closed! Application  Blame Newton's
Second Law This car stopped because of

Using Newton’s Second Law Newton'’s second law: The tree exerted an
external force on the car, giving the car an

There are at least four aspects of Newton's second law that deserve specigk@bration that changed its velocity to zero.
tention. First, Eq. (4.6) is a vector equation. Usually we will use it in component

form, with a separate equation for each component of force and the correspond-

ing component of acceleration:

Newton’s second law: Each component of net force on a body ...

g K = ma ng:may gk = ma 4.7

... equals body’s mass times the corresponding acceleration component.

This set of component equations is equivalent to the single vector Eq. (4.6).
Second, the statement of Newton's second law refers to extencak. It's
impossible for a body to affect its own motion by exerting a force on itself; if it
were possible, you could lift yourself to the ceiling Qy pulling up on your belt!
That's why only external forces are included in the sumin Egs. (4.6) and (4.7).
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Third, Egs. (4.6) and (4.7) are valid only when the mass m is conéitant.
easy to think of systems whose masses change, such as a leaking tank truck, a
rocket ship, or a moving railroad car being loaded with coal. Such systems are
better handled by using the concept of momentum; we’'ll get to that in Chapter 8.

Finally, Newton’s second law is valid in inertial frames of reference only, just
like the first law. Thus it is not valid in the reference frame of any of the ac-
celerating vehicles in Fig. 4.10; relative to any of these frames, the passenger
accelerates even though the net force on the passenger is zero. We will usually
assume that the earth is an adequate approximation to an inertial frame, although
because of its rotation and orbital motion it is not precisely inertial.

DEMO

ma is not a forceEven though the vectend is equal to the vector sumF
of all the forces acting on the body, the veetdris nota force. Acceleration is a result
of a nonzero net force; it is not a force itself. It's “common sense” to think that there is
a “force of acceleration” that pushes you back into your seat when your car accelerates
forward from rest. But there is no such force; instead, your inertia causes you to tend to
stay at rest relative to the earth, and the car accelerates around you (see Fig. 4.10a). The
“common sense” confusion arises from trying to apply Newton’s second law where it isn't
valid—in the noninertial reference frame of an accelerating car. We will always examine
motion relative to inertiaframes of reference only.

In learning how to use Newton's second law, we will begin in this chapter

with examples of straight-line motion. Then in Chapter 5 we will consider more
general cases and develop more detailed problem-solving strategies.

DETERMINING ACCELERATION FROM FORCE

NOILNT0S

A worker applies a constant horizontal force with magnitude 20 N The forces acting on the box are (i) the horizontal fdfce
to a box with mass 40 kg resting on a level floor with negligiblxerted by the worker, of magnitude 20 N; (ii) the weiyhof

friction. What is the acceleration of the box? the box—that is, the downward gravitational force exerted by the
earth; and (i) the upward supporting foit@xerted by the floor.
SOLUTION As in Section 4.2, we cafl a normal force because it is normal

. . (perpendicular) to the surface of contact. (We use an italic letter n
IDENTIFY and SET UP:This problem involves force and acceler - . . " T
0 avoid confusion with the abbreviation N for newton.) Friction is

tion, so we'll use Newton’s second law. In apsoblem involv L - .
. ) . negligible, so no friction force is present.
ing forces, the first steps are to choose a coordinate system a he box doesnt move vertically, so thegceleration is zero:

o identify all O.f the forces acting on _the body in questloq. It~ 0. Our target variable is theaccelerationg,. We'll find it
usually convenient to take one axis either along or opposite {fie

direction of the body’s acceleration, which in this case is horizon "9 Newton's second law in component form, Egs. (4.7).
tal. Hence we take thex-axis to be in the direction of the appliedEXECUTE: From Fig. 4.17 only the 20-N force exerted by the
horizontal force (which is the direction in which the box aceeleworker has a nonzerecoomponent. Hence the first of Eqgs. (4.7)
ates) and the y-axis to be upwardHig. 4.17). In most force prob tells us that
Iem_s t_hat you'll encounter_ (|_nc!ud|ng this one), the force vectors gF. = F = 20N = ma,
all lie in a plane, so theaxis isn't used.

The xcomponent of acceleration is therefore

4.17 Our sketch for this problem. The tiles under the box are o
freshly waxed, so we assume that friction is negligible. _ 9F _ 20N _ 20kg

% m TaokgT  aokg - O0%0™S

The box has no vertical acceleration, so the vertical

components of the net force sum to zero. Nevertheless, for . . . .
completeness, we show the vertical forces acting on the box. EVALUATE:The acceleration is in thex-direction, the same i

rection as the net force. The net force is constant, so the aecelera
tion is also constant. If we know the initial position and velocity of
the box, we can find its position and velocity at any later time from
the constant-acceleration equations of Chapter 2.

To determinen,, we didn't need the-gomponent of Newton's
second law from Egs. (4.7% F, = mg,. Can you use this equa
tion to show that the magnitudeof the normal force in this situa
tion is equal to the weight of the box?
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1LNT10S

DETERMINING FORCE FROM ACCELERATION

NO

A waitress shoves a ketchup bottle with mass 0.45 kg to her riglos. (4.7). We aren't told thecomponent of the bottle’s accelera
along a smooth, level lunch counter. The bottle leaves her hdiod, a,, but we know that it's constant because the friction force that
moving at2.8 nes, then slows down as it slides because of a cocauses the acceleration is constant. Hence we can use a constant-

stant horizontal friction force exerted on it by the countertop.dtceleration formula from Section 2.4 to calculgté/Ne know the

slides for 1.0 m before coming to rest. What are the magnituatgtle’s initial and finak-coordinatesxy = 0 andx = 1.0 n2 and

and direction of the friction force acting on the bottle? its initial and final xvelocity lvg, = 2.8 nmps andvy, = 02, so the

easiest equation to use is Eq. (2.43}, = v + 231X - X2

SOLUTION

. . EXECUTE:We solve Eq. (2.13) fau:
IDENTIFY and SET UP:This problem involves forces and accel a. (2.13) fax,

eration (the slowing of the ketchup bottle), so we'll use Newton’s Vi? - Vox? 10 mps2 - 12.8 nps2?
second law to solve it. As in Example 4.4, we choose a coordinate@ = 21X - X2 = 211.0m- 0n2 = -39ms
system and identify the forces acting on the boftlg.(4.18. We
choose therx-axis to be in the direction that the bottle slides, arthe negative sign means that the bottle’'s acceleration is toward the
take the origin to be where the bottle leaves the waitress’s hagét.in Fig. 4.18, opposite to its velocity; this is as it must be, be
The friction forcef slows the bottle down, so its direction must beause the bottle is slowing down. The net force in td@ection
opposite the direction of the bottle’s velocity (see Fig. 4.12c). s the xcomponent f of the friction force, so

Our target variable is the magnitude f of the friction force. We'll
find it by using the scomponent of Newton's second law from g Fc= - f = ma = 1045 k1- 3.9 ms’2

-1.8kgfns> = - 1.8N

4.18 Our sketch for this problem. The negative sign shows that the net force on the bottle is toward

We draw one diagram for the bottle’s motion and one showing the forcetshe left. The magnitudef the friction force isf = 1.8 N

on the bottle. . .
EVALUATE:As a check on the result, try repeating the calculation

with the +x-axis to the lefin Fig. 4.18. You'll find thatg Fy is
equal to+f = +1.8 N\ (because the friction force is now in the
+x-direction), and again you'll find = 1.8 N The answers for
themagnitudeof forces don't depend on the choice of coordinate
axes!

Some Notes on Units 4.19 Despite its name, the English unit of
. . . ._mass has nothing to do with the type of
A few words about units are in order. In the cgs metric system (not used indi){Sshown here. A common garden slug

book), the unit of mass is the gram, equal®? kg, and the unit of distance ishas a mass of about 15 grams, or about
the centimeter, equal & 2 m. The cgs unit of force is called the dyne: 10 3 slug.

1dyne= 1 gfem<s® = 10°N

In the British system, the unit of force is the pouod pound-force) and the
unit of mass is the slu@Fig. 4.19. The unit of acceleration is 1 foot per second
squared, so

1 pound= 1 slugHt>s?
The official definition of the pound is
1 pound= 4.448221615260 newta

It is handy to remember that a pound is about 4.4 N and a newton is about Units of F M
0.22 pound. Another useful fact: A body with a mass of 1 kg has a weight_of nits ot Force, Mass,
. TABLE 4.2 and Acceleration
about 2.2 Ib at the earth’s surface.
Table 4.2lists the units of force, mass, and acceleration in the three systenié;(?t?m _
of Units  Force Mass Acceleration
o S newton kilogram ~— ms
TEST YOUR UNDERSTANDING OF SECTION 4.3 Rank the following situations (N) (kg)
in order of the magnitude of the object’s acceleration, from lowest to highest. Are there, ¢ dyne  gram cms?
any cases that have the same magnitude of acceleration? (i) A 2.0-kg object acted on by a dyn) (@)
2.0-N net force; (i) a 2.0-kg object acted on by an 8.0-N net force; (jii) an 8.0-kg objechritish  pound  slug f>2
acted on by a 2.0-N net force; (iv) an 8.0-kg object acted on by a 8.0-N net force. (Ib)






































































































































































































































































































































































































































































































































































































































































































































































































































