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Practice makes perfect: Guided

practice helps students develop
into expert problem solvers

The new 15th Edition of University Physics with Modern Physics, in Sl units,
draws on data insights from hundreds of faculty and thousands of student users to
address one of the biggest challenges for students in introductory physics courses:
seeing the connections between worked examples in their textbook and related
homework or exam problems. This edition offers multiple resources to address
students’ tendency to focus on the objects, situations, numbers, and questions posed
in a problem, rather than recognizing the underlying principle or the problem’s

type. Mastering™ Physics gives students instructional support and just-in-time
remediation as they work through problems.
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Guided practice features to help...

EXAMPLE 7.1 Height of a haseball from energy conservation

wiTH V ARIATION PROBLEMS

You throw a (1,143 kg basehall straight up, giving it an initial velocity
of magnitude 20.0 m/s. Find how high it goes, ignoring air resistance,
IDENTIFY and SET UP After the ball leaves your hand. only gravity

does work on it Henee total mechanical cnergy is conserved, and we

EXECUTE We have ¥
Then Bq. (7.4) K; + Uyt = Ko + Uy 2, becomes

NEW! Worked

= 0 Ugray,r = mgy) = O and K7 = llrmr,‘g2 = Example
_u Key Concept
Kl = {'grel\'.z
statements

can use Eq. (7.4). We take point 1 to be where the ball leaves your hand
and point 2 1o be where it reaches its masimum height. As in Fig. 7.2,
we take the positive y-direction to be upward, The ball's speed at point |
is ©p = 20.0mys; al its maximum height it is instantaneously al rest,
s00h = (1 We take the origin al point 1, so v = 0(Fig. 7.4). Our targel
variable, the distance the ball moves vertically between the two points,
is the displacement o — ¥y = 3 — 0 = .

Figure 7.4 Afler a hasehall leaves your hand, total mechanical energy
F o= K+ UFis comserved.

Energy at v,

I

AT T

‘Drav

5o the Wl med
E =K + Lstays constant.

micul energy
hand, the anly f;

As the energy bar graphs in Fig. 7.4 show, this equation says that the
kinetic energy of the ball al puint 1 s completely converted Lo gravi-
tational potential energy at point 2. We substitute K, = émt;lz and
Lyeav,2 = vz und solve for ya:

I
ey = gy

v (200m/s)?

Lo =204 m
28 2{9.80 mfs)

Y=
EVALUATE As a check, use the given value of v and our result
for v to caleulate the kinetic energy at point 1 and the gravitational
potential energy at point 2. You should find that these are equal:
K = %mv? = 290001 and Lz = mey: = 29.0), Note that we
could have found the result y; = v132g by using Eq. (2.13) in the form
b‘z;-" =’ 2g(v: — w1
What if we put the origin somewhere else—for example, 50 m
below point 1, so that ¥ = 5.0m" Then the wotal mechanical energy
at point 1 is part kinetic and part potential; at point 2 it's still porely
potential because ta = (). You'll Tind that this choice of origin yields
¥ = 254 m, but again y» — ¥ = 2004 m. In problems like this, you
are free o choose the height al which (g, = 0. The physics doesn’t
depend on your choice,

appear at the end
of every example,
providing a brief
summary of the
key idea used in
the solution to
consolidate what
was most important
and what can be
broadly applied to
other problems,
helping students
identify strategies
that can be used in
future problems.

KEYCONCEPT Total mechanical enerey (the sum of kinetic enerey
and gravitational potential energy) is conserved when only the force of
aravity does work,

acting on il is gravity . H
% Energyac v
v = 20.0m/s S
m = 0.145 kg
T ¥y =10 &
| i \.-.- E
- . 5= K= Uy
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GUIDED PRACTICE

NEW! Key Example Variation Problems in
the new Guided Practice section at the end of each
chapter are based on selected worked examples.
They build in difficulty by changing scenarios,
swapping the knowns vs. unknowns, and adding
complexity and/or steps of reasoning to provide

the most helpful range of related problems that
students must use the same basic approach to solve.
Assignable in Mastering Physics, these “warm-up”
exercises help students build problem-solving skills.

KEY EXAMPLE VARIATION PROBLEMS

Be sure to review EXAMPLES 7.1 and 7.2 (Section 7.1) before
attempting these problems.

VP7.2.1 You throw a cricket ball (mass 0.156 kg) vertically up-
ward. It leaves your hand moving at 12.0 m/s. Air resistance can
be neglected. At what height above your hand does the ball have
(a) half as much upward velocity, (b) half as much kinetic energy as
when it left your hand?

VP7.2.2 You toss a rock of mass m vertically upward. Air resistance
can be neglected. The rock reaches a maximum height 2 above your
hand. What is the speed of the rock when it is at height (a) A/4 and
(b) 3h/4?

VP7.2.3 You throw a tennis ball (mass 0.0570 kg) vertically upward.
It leaves your hand moving at 15.0 m/s. Air resistance cannot be ne-
glected, and the ball reaches a maximum height of 8.00 m. (a) By how
much does the total mechanical energy decrease from when the ball
leaves your hand to when it reaches its maximum height? (b) What is
the magnitude of the average force of air resistance?

VP7.2.4 You catch a volleyball (mass 0.270 kg) that is moving downward
at 7.50 m/s. In stopping the ball, your hands and the volleyball descend
together a distance of 0.150 m. (a) How much work do your hands do on
the volleyball in the process of stopping it? (b) What is the magnitude of
the force (assumed constant) that your hands exert on the volleyball?

P. 253



...develop problem-solving skills

BRIDGING PROBLEM Entropy Changes: Cold Ice in Hot Water

Scaffolded

An insulated container of negligible mass holds 0.600 kg of water
at 45.0°C. You put a 0.0500 kg ice cube at —15.0°C in the water
(Fig. 20.23). (a) Calculate the final temperature of the water once the
ice has melted. (b) Calculate the change in entropy of the system.

SOLUTION GUIDE

IDENTIFY and SET UP

1. Make a list of the known and unknown quantities, and identify
the target variables.

=]

. How will you find the final temperature of the ice—water mix-
ture? How will you decide whether or not all the ice melts?

3. Once you find the final temperature of the mixture, how will

you determine the changes in entropy of (i) the ice initially at

—15.0°C and (ii) the water initially at 45.0°C?

EXECUTE

4. Use the methods of Chapter 17 to calculate the final tempera-
ture 1. (Hint: First assume that all of the ice melts, then write an
equation which says that the heat that flows into the ice equals
the heat that flows out of the water, If your assumption is cor-
rect, the final temperature that you calculate will be greater than
0°C. If your assumption is incorrect, the final temperature will
be 0°C or less, which means that some ice remains. You'll then
need to redo the calculation to account for this.)

Bridging
Problems now

Figure 20.23 What becomes of this ice—water mixture?

Insulated container

' | follow the Key
Lo st 150 Example Variation
— N e Problems in the Guided
L. ! 1 D gt Practice section and
‘ help students move

1

Liquid water at 45.0°C

from single-concept
worked examples

to multiconcept
homework problems.

5. Use your result from step 4 to calculate the entropy changes
of the ice and the water. (Hint: You must include the heat flow
associated with temperature changes, as in Example 20.6,
as well as the heat flow associated with the change of phase.)

6. Find the total change in entropy of the system.

EVALUATE

7. Do the signs of the entropy changes make sense? Why or why
not?

P. 699

NEW! Bridging Entropy Changes: Cold Ice in Hot Water r_IMqu{d :

Problem Tutorlals, An insulated container of negligible mass holds 0.600 kg of water lce a1 —15.0°C Pioal e

now assignable in at 45.0°C. You put a 0.0500-kg ice cube at —15.0°C in the water. | all liquid water
. . (a) Calculate the final temperature of the water once the ice has | | .

Master'ng PhyS|CS, melted. (b) Calculate the change in entropy of the system. L = g v ot |
walk students through IDENTIFY and SET UP : | —
the problem-solving
process and provide Q = me AT =t
links to the eText and 8 B /'ir@
detailed Video Tutor b
Solutions. In the Study g

q q )
Area in Mastering, AS =8, —§ = 3 (isothermal)

these Video Tutor
Solutions, as well as
ones for every Worked
Example in the book,
provide a virtual
teaching assistant on a
round-the-clock basis.

b

(i

L= 3.34 X 105 J/kg

cw = 4190 J/(K - kg)

iee = 2100 J /(K - kg)




Develop students’ conceptual

understanding of physics...

TEST YOUR UNDERSTANDING OF SECTION 9.1 The fig- Test Your Understanding
ure shows a graph of w, and a; versus time for a particular rotat- ; i questions at the end of most

ing body. (a) During which time intervals is the rotation speeding o ; = ; p _'_) ('1 t(s) sections let students check their
up? ()0 <1 < 2s;(i)2s <7 < 4s;(ii)ds <1< 6s. 7 \

(b) During which time intervals is the rotation slowing down? \ grasp of the material and use a
M0 <t <2s(i)2s<!<4s(ii)ds <1<6s. multiple-choice or ranking-task
format to probe for common

BRARES . o {eahensus] ) misconceptions. The answers to
S < 110] uondatp apsoddo ayy w pue (aantsod st @) s $ = 7 10) UONPALP 23U UL Funeol N )
ST Apoq a1 1ey) AoN “(danedau st 7o pue aanisod SIZ@) s ¢ = J = S 7 10J usop Sutmols st Ing (2an these questions are now provided
-eSau am ‘o pue ‘@ yoq) s 9 > J = s +10] pue (2smsod amw o pue ‘@ yoq) s 7 = 1 = g Jojdn immediately after the question in
@ B Tt = i =) . S 27 = ey
Surpaads s111 20uapg sudis ansoddo asey Lay) vaym umop Futmols pue “uSIS aues ) ALY UOTIRID order to encourage students to

-{200u 1emsue pue Aofaa mwnsue ay) uaym dn Supaads st uoneios a4, (1) (q) (mr) pue (1) (v) |
try them.
P. 305

Frame: 129

240 frames per second
Bx slow motion

NEW! Direct Measurement Videos are short videos that
show real situations of physical phenomena. Grids, rulers, and
frame counters appear as overlays, helping students to make
precise measurements of quantities such as position and time.
Students then apply these quantities along with physics concepts
to solve problems and answer questions about the motion of the
objects in the video. These videos are assignable within Mastering.



...even before they come to class

Conceptual
Interactive Pre-

;; :'OW d?res ctir - : lecture Videos
s bl il provide an introduction

R :
i{: of the circular rgcetrack‘ to key topics with
affect the magnitude of its
embedded assessment

acceleration?
to help students prepare
ek s s e before lecture and to

acceleration because it is help professors identify
farther away from the center of students’ misconceptions.
the circular track. These videos are assignable

@ !l. Car 2 has a smaller within Mastering.
acceleration because it is
farther away from the center of
the track.

How does car 2's distance from the center of {
magnitude of its acceleration?

info

NEW!' Quantitative
Pre-lecture Videos
now complement

the conceptual
Interactive Pre-lecture
Videos designed to
expose students to
concepts before class
and help them learn
how problems for a
specific concept are

worked. These videos v? (1026 t‘n/S)2
are assignable within e = = - = 2.7 x 103 m/s?
Mastering. r 3.85 x 10° m

Period = T = 27.3 days
) Orbital radius = r= 3.85 x 108 m

What is the moon's acceleration as it orbits Earth?

info ‘x .




Reach every student...

NEW! University Physics with Modern Physics, in SI units is now
available in Pearson eText. Pearson eText is a simple-to-use, personalized
reading experience available within Mastering. It allows students to easily
highlight, take notes, and review key vocabulary all in one place—even when
offline. Seamlessly integrated videos engage students and give them access

to the help they need when they need it. Pearson eText is available within
Mastering when packaged with a new book or as an upgrade students can

purchase online.

Figure 6.13 Imparting kinetic energy to a
cue ball.
When a billiards player hits a cue ball at rest,
the ball's kinetic energy after being hit is equal
to the work that was done on it by the cue.

The greater the force exerted by the cue and
the greater the distance the ball moves while
in contact with it, the greater the ball’s
Kinetic energy.

The Meaning of Kinetic Energy

Example 6.4 gives insight into the physical meaning of kinetic ¢
is dropped from rest, and its kinetic energy when it hits the I-be
done on it up to that point by the net force. This result is true ir
particle of mass m from rest (zero kinetic energy) up to a speed v,
must equal the change in kinetic energy from zero to K = %mvz:

Waa=K-0=K

So the kinetic energy of a particle is equal to the total work tl
ate it from rest to its present speed (Fig. 6.13). The definiti
wasn’t chosen at random; it’s the only definition that agrees w
kinetic energy.

In the second part of Example 6.4 the kinetic energy of the t
the I-beam and drove it into the ground. This gives us another
energy: The kinetic energy of a particle is equal to the total woi
the process of being brought to rest. This is why you pull your
when you catch a ball. As the ball comes to rest, it does an amc
distance) on vour hand equal to the ball’s initial kinetic energ




< = Jodule 19: First Law of The = 3/8

Assume the first law of thermodynamics is
given as AL = @ — I, Suppose a gas
expands in some unknown process. Which of
the following is not a possible result?

Decreased Tand Q<0
Increased Tand &=0
Increased Tand Q=0
Increased Tand Q=0

| DONT KNOW YET

Physics Erimer

Logarithms

Constants | Periodic Tadke

Stucents who suctessfully complets this
prienes will be able to:

« Kdentify skualions for which loganthams
are nacessary to find a sciution

« Kdentify he base of he kogariinm

+ Difierentiale patween comman iog
and natural g

» Apply GANTME 10 sohve pradlems in
which & veriable appears in an
expanen

For addmanal practce. you may want
resiew Solvna Equations Using Malural
Legaiihms

... with Mastering Physics

< = Module 19: First Law of Tk «&/8

Consider your own body as the
thermodynamic system for this question and
assume the first law of thermodynamics is
given as A7 = @ — IV, Imagine lifting a very

heavy weight very slowly from the floor until it
is overhead, Over the duration of this
process, what would be the signs of @ and W

for your body?

Q=0, WD

Q=0, W=0

Q=0, W0

Q=0, W=0

| DONT KNOW YET

R "

Just a5 subdraction undees addition and divisien undces mulipication, legarithms undo
the operation of exponants. For suatins Imvaiving exponential decay or growth. or

h 2 stake uses 3 whie range af powers of 10, they are ofien necessany

. EVery exponential equation tan be rewnthen a a lgarthmic equation

b=a® - log,b =z whem T is the exponent and o ks the exponential base.
A few of the Impariant properties of logartthmes ane:

o o (be) = log, b+ log, e

+ bog, () =log,b - log, e

+ o, (F) = clog, b
o alon®_ g

o log,faf) = b

The bwo Mast Eammenty usad loarnms aee e camman lagarinm (rien s log),
which 5 to base 10, and the natural ieganthe (written as k), which i 10 base
€(~2718).

* PartA

Soive the equation = — 3logy® fory
Enter your answer as an expression.

b View Available Hints)

B ~ » o= -

Dynamic Study
Modules in Mastering
Physics help students
study effectively—and

at their own pace—by
keeping them motivated
and engaged. The
assignable modules rely
on the latest research

in cognitive science,
using methods such as
adaptivity, gamification,
and intermittent rewards,
to stimulate learning and
improve retention.

The Physics Primer
refreshes students’ math
skills in the context of
physics and prepares
them for success in the
course. These tutorials
can be assigned before
the course begins or
throughout the course as
just-in-time remediation.
They utilize videos, hints,
and feedback to ensure
that students can practice
and maintain their

math skills, while tying
together mathematical
operations and physics
analysis.



Instructor support you can rely on

University Physics with
Modern Physics includes a full
suite of instructor support materials
in the Instructor Resources area in
Mastering Physics. Resources include
accessible PowerPoint lecture outlines;
all annotated equations and problem-
solving strategies; all figures, photos,
tables, and end-of-chapter elements
from the text; simulations; plus a
solutions manual and test bank.

learning|catalytics”
& [ - Suppurit  Hulp  Fusdback

gz 14~ YT UP 14 jest ~ Guestion 3328

Instructors also have access to Learning Catalytics. With Learning Catalytics, you'll hear from every student when
it matters most. You pose a variety of questions that help students recall ideas, apply concepts, and develop critical-
thinking skills. Your students respond using their own smartphones, tablets, or laptops. You can monitor responses
with real-time analytics and find out what your students do—and don’t—understand. Then, you can adjust your
teaching accordingly and even facilitate peer-to-peer learning, helping students stay motivated and engaged.
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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
professor 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 Edward Adelson’s Get Ready for Physics to be a great help for sharp-
ening your math skills as well as your study skills.

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. Per-
haps 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:

e Am I able to use fundamental mathematical concepts from algebra, geometry, and trig-
onometry? (If not, plan a program of review with help from your professor.)

* In similar courses, what activity has given me the most trouble? (Spend more time on
this.) What has been the easiest for me? (Do this first; it will build your confidence.)

e Do I understand the material better if I read the book before or after the lecture? (You
may learn best by skimming the material, going to lecture, and then undertaking an in-
depth reading.)

* Do I spend adequate time studying physics? (A rule of thumb for a class like this is to de-
vote, 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.)

* Do I study physics every day? (Spread that 10 to 15 hours out over an entire week!) At
what time of the day am I at my best for studying physics? (Pick a specific time of the
day and stick to it.)

* Do I work in a quiet place where I can maintain my focus? (Distractions will break
your routine and cause you to miss important points.)



HOW TO SUCCEED IN PHYSICS BY REALLY TRYING

WORKING WITH OTHERS

Scientists or engineers seldom work in isolation from one another but rather work coopera-
tively. You will learn more physics and have more fun doing it if you work with other students.
Some professors may formalize the use of cooperative 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 professor 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 mo-
ment 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 mistake or how
to avoid making it again, talk with your professor. Physics constantly builds on fundamental
ideas, and it is important to correct any misunderstandings 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.
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TO THE INSTRUCTOR

PREFACE

In the years since it was first published, University Physics has always embraced change,
not just to include the latest developments in our understanding of the physical world, but
also to address our understanding of how students learn physics and how they study.

In preparing for this new Fifteenth Edition, we listened to the thousands of students
who have told us that they often struggle to see the connections between the worked ex-
amples in their textbook and problems on homework or exams. Every problem seems
different because the objects, situations, numbers, and questions posed change with each
problem. As a result, students experience frustration and a lack of confidence. By contrast,
expert problem-solvers categorize problems by type, based on the underlying principles.

Several of the revisions we have made therefore address this particular challenge by,
for example, helping students see the big picture of what each worked example is trying
to illustrate and allowing them to practice sets of related problems to help them identify
repeating patterns and strategies. These new features are explained in more detail below.

NEW TO THIS EDITION

* Worked example KEYCONCEPT statements appear at the end of every Example and
Conceptual Example, providing a brief summary of the key idea used in the solution to
consolidate what was most important and what can be broadly applied to other prob-
lems, to help students identify strategies that can be used in future problems.

« KEY EXAMPLE VARIATION PROBLEMS in the new Guided Practice section at the
end of each chapter are based on selected worked examples. They build in difficulty
by changing scenarios, swapping the knowns and unknowns, and adding complexity
and/or steps of reasoning to provide the most helpful range of related problems that
use the same basic approach to solve. These scaffolded problem sets help students see
patterns and make connections between problems that can be solved using the same un-
derlying principles and strategies so that they are more able to tackle different problem
types when exam time comes.

* Expanded Caution paragraphs focus on typical student misconceptions and problem
areas. Over a dozen more have been added to this edition based on common errors
made in MasteringTM Physics.

* Updated and expanded Application sidebars give students engaging and relevant
real-world context.

* Based on data from Mastering Physics and feedback from instructors, changes to
the homework problems include the following:

* Over 500 new problems, with scores of other problems revised to improve clarity.

* Expanded three-dot-difficulty and Challenge Problems significantly stretch
students by requiring sophisticated reasoning that often involves multiple steps or
concepts and/or mathematical skills. Challenge Problems are the most difficult
problems in each chapter and often involve calculus, multiple steps that lead stu-
dents through a complex analysis, and/or the exploration of a topic or application
not explicitly covered in the chapter.

* New estimation problems help students learn to analyze problem scenarios, assess
data, and work with orders of magnitude. This problem type engages students to
more thoroughly explore the situation by requiring them to not only estimate some
of the data in the problem but also decide what data need to be estimated based on
real-world experience, reasoning, assumptions, and/or modeling.

* Expanded cumulative problems promote more advanced problem-solving tech-
niques by requiring knowledge and skills covered in previous chapters to be inte-
grated with understanding and skills from the current chapter.

* Expanded alternative problem sets in Mastering Physics provide textbook-specific
problems from previous editions to assign for additional student practice.



KEY FEATURES OF UNIVERSITY PHYSICS WITH
MODERN PHYSICS

* A QR code at the beginning of the new Guided Practice section in each chapter allows
students to use a mobile phone to access the Study Area of Mastering Physics, where
they can watch interactive videos of a physics professor giving a relevant physics dem-
onstration (Video Tutor Demonstrations) or showing a narrated and animated worked
Example (Video Tutor Solutions).

* End-of-chapter Bridging Problems provide a transition between 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. The Solution Guide that follows each problem provides ques-
tions and hints that help students approach and solve challenging problems with
confidence.

* Deep and extensive problem sets cover a wide range of difficulty (with blue dots to in-
dicate relative difficulty level) and exercise both physical understanding and problem-
solving expertise. Many problems are based on complex real-life situations.

» This textbook offers more Examples and Conceptual Examples than most other lead-
ing calculus-based textbooks, allowing students to explore problem-solving challenges
that are not addressed in other textbooks.

* A research-based problem-solving 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. This consistent approach
teaches students to tackle problems thoughtfully rather than cutting straight to the math.

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

* The figures use a simplified graphical style to focus on the physics of a situation, and
they incorporate blue explanatory annotations. Both techniques have been demon-
strated to have a strong positive effect on learning.

* Many figures that illustrate Example solutions take the form of black-and-white pencil
sketches, which directly represent what a student should draw in solving such problems
themselves.

e The popular Caution paragraphs focus on typical misconceptions and student
problem areas.

* End-of-section Test Your Understanding questions let students check their grasp of
the material and use a multiple-choice or ranking-task format to probe for common
misconceptions. Answers are now provided immediately after the question in order to
encourage students to try them.

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

Mastering™ is the teaching and learning platform that empowers you to reach every
student. By combining trusted author content with digital tools developed to engage
students and emulate the office-hour experience, Mastering personalizes learning and
improves results for each student.

Reach every student with Mastering

» Teach your course your way: Your course is unique. Whether you’d like to foster stu-
dent engagement during class or give students anytime, anywhere access, Mastering
gives you the flexibility to easily create your course to fit your needs.

* With Learning Catalytics, you’ll hear from every student when it matters most.
You pose a variety of questions that help students recall ideas, apply concepts, and
develop critical-thinking skills. Your students respond using their own smartphones,
tablets, or laptops. You can monitor responses with real-time analytics and find out
what your students do—and don’t—understand. Then you can adjust your teach-
ing accordingly and even facilitate peer-to-peer learning, helping students stay
motivated and engaged.
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* Expanded alternative problem sets, with hundreds of vetted problems from pre-
vious editions of the book, provide additional problem-solving practice and offer
instructors more options when creating assignments.

Empower each learner: Each student learns at a different pace. Personalized learning,

including adaptive tools and wrong-answer feedback, pinpoints the precise areas where

each student needs practice and gives all students the support they need—when and
where they need it—to be successful.

* Interactive Pre-lecture Videos provide an introduction to key topics with embed-
ded assessment to help students prepare before lecture and to help professors iden-
tify student misconceptions.

* NEW! Quantitative Pre-lecture Videos now complement the conceptual Inter-
active Pre-lecture Videos designed to expose students to concepts before class
and help them learn how problems for a specific concept are worked.

* NEW! Direct Measurement Videos are short videos that show real situations of physi-
cal phenomena. Grids, rulers, and frame counters appear as overlays, helping students to
make precise measurements of quantities such as position and time. Students then apply
these quantities along with physics concepts to solve problems and answer questions
about the motion of the objects in the video. The problems are assignable in Mastering
Physics and can be used to replace or supplement traditional word problems; they can
also serve as open-ended questions to help develop problem-solving skills.

e NEW! Dynamic Study Modules help students study effectively—and at their own
pace. How? By keeping them motivated and engaged. The assignable modules rely
on the latest research in cognitive science, using methods—such as adaptivity, gami-
fication, and intermittent rewards—to stimulate learning and improve retention.
Each module poses a series of questions about a course topic. These question sets
adapt to each student’s performance and offer personalized, targeted feedback to
help students master key concepts.

e NEW! The Physics Primer relies on videos, hints, and feedback to refresh students’
math skills in the context of physics and prepares them for success in the course.
These tutorials can be assigned before the course begins or throughout the course as
just-in-time remediation. They ensure that students practice and maintain their math
skills, while tying together mathematical operations and physics analysis.

Deliver trusted content: We partner with highly respected authors to develop interactive

content and course-specific resources that keep students on track and engaged.

* Video Tutor Demonstrations and Video Tutor Solutions tie directly to relevant
content in the textbook and can be accessed through Mastering Physics, via the eText,
or from QR codes in the textbook.

* Video Tutor Solutions (VTSs) for most worked examples in the book walk stu-
dents through the problem-solving process, providing a virtual teaching assistant
on a round-the-clock basis.

* Video Tutor Demonstrations (VIDs) feature “pause-and-predict” demonstra-
tions of key physics concepts and incorporate assessment to engage students in
understanding key concepts. New VTDs build on the existing collection, adding
new topics for a more robust set of demonstrations.

e NEW! Enhanced end-of-chapter questions provide expanded remediation built
into each question when and where students need it. Remediation includes scaf-
folded support, links to hints, links to appropriate sections of the eText, links from
the eText to Mastering Physics, Video Tutor Solutions, math remediation, and
wrong-answer feedback for homework assignments.

« NEW! Key Example Variation Problems, assignable in Mastering Physics, build
in difficulty by changing scenarios, swapping the knowns and unknowns, and add-
ing complexity and/or steps of reasoning to provide the most helpful range of related
problems that use the same basic approach to find their solutions.

e NEW! Bridging Problems are now assignable in Mastering Physics, thus pro-
viding students with additional practice in moving from single-concept worked
examples to multi-concept homework problems.
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e Improve student results: Usage statistics show that when you teach with Mastering,
student performance improves. That’s why instructors have chosen Mastering for over
15 years, touching the lives of more than 20 million students.

INSTRUCTIONAL PACKAGE

University Physics with Modern Physics, Fifteenth Edition, Global Edition in ST units provides
an integrated teaching and learning package of support material for students and instructors.

NOTE: For convenience, instructor supplements can be downloaded from the Instructor

Resources area of Mastering Physics.

Instructor
or Student
Supplement Print Online  Supplement Description
Mastering Physics with v Instructor This product features all of
Pearson eText and Student the resources of Mastering
(ISBN 978-1-292-31475-4) Supplement Physics in addition to the
Pearson eText.
Instructor’s Solutions v Instructor This comprehensive
Manual Supplement solutions manual contains
(ISBN 978-1-292-31474-7) complete solutions to all
end-of-chapter questions
and problems.
Instructor’s Resource v Instructor All art, photos, and tables
Materials Supplement from the book are avail-

able in JPEG format and as
modifiable PowerPoints™.
In addition, instructors can
access lecture outlines as
well as “clicker” questions
in PowerPoint format;
editable content for key
features, including key
equations and Problem-
Solving Strategies; and the
TestGen test bank.

17



18

PREFACE

ACKNOWLEDGMENTS

I would like to thank the hundreds of reviewers and colleagues who have offered valuable
comments and suggestions over the life of this textbook. The continuing success of University
Physics is due in large measure to their contributions.

Miah Adel (U. of Arkansas at Pine Bluff), Edward Adelson (Ohio State U.), Julie Alexander
(Camosun C.), Ralph Alexander (U. of Missouri at Rolla), J. G. Anderson, R. S. Anderson, Wayne
Anderson (Sacramento City C.), Sanjeev Arora (Fort Valley State U.), Alex Azima (Lansing Comm.
C.), Dilip Balamore (Nassau Comm. C.), Harold Bale (U. of North Dakota), Arun Bansil
(Northeastern U.), John Barach (Vanderbilt U.), J. D. Barnett, H. H. Barschall, Albert Bartlett (U. of
Colorado), Marshall Bartlett (Hollins U.), Paul Baum (CUNY, Queens C.), Frederick Becchetti (U.
of Michigan), B. Bederson, David Bennum (U. of Nevada, Reno), Lev 1. Berger (San Diego State
U.), Angela Biselli (Fairfield U.), Robert Boeke (William Rainey Harper C.), Bram Boroson
(Clayton State U.), S. Borowitz, A. C. Braden, James Brooks (Boston U.), Nicholas E. Brown
(California Polytechnic State U., San Luis Obispo), Tony Bufta (California Polytechnic State U., San
Luis Obispo), Shane Burns (Colorado C.), A. Capecelatro, Michael Cardamone (Pennsylvania State
U.), Duane Carmony (Purdue U.), Troy Carter (UCLA), P. Catranides, John Cerne (SUNY at
Buffalo), Shinil Cho (La Roche C.), Tim Chupp (U. of Michigan), Roger Clapp (U. of South
Florida), William M. Cloud (Eastern Illinois U.), Leonard Cohen (Drexel U.), W. R. Coker (U. of
Texas, Austin), Malcolm D. Cole (U. of Missouri at Rolla), H. Conrad, David Cook (Lawrence U.),
Gayl Cook (U. of Colorado), Hans Courant (U. of Minnesota), Carl Covatto (Arizona State U.),
Bruce A. Craver (U. of Dayton), Larry Curtis (U. of Toledo), Jai Dahiya (Southeast Missouri State
U.), Dedra Demaree (Georgetown U.), Steve Detweiler (U. of Florida), George Dixon (Oklahoma
State U.), Steve Drasco (Grinnell C.), Donald S. Duncan, Boyd Edwards (West Virginia U.), Robert
Eisenstein (Carnegie Mellon U.), Amy Emerson Missourn (Virginia Institute of Technology), Olena
Erhardt (Richland C.), William Faissler (Northeastern U.), Gregory Falabella (Wagner C.), William
Fasnacht (U.S. Naval Academy), Paul Feldker (St. Louis Comm. C.), Carlos Figueroa (Cabrillo C.),
L. H. Fisher, Neil Fletcher (Florida State U.), Allen Flora (Hood C.), Robert Folk, Peter Fong
(Emory U.), A. Lewis Ford (Texas A&M U.), D. Frantszog, James R. Gaines (Ohio State U.),
Solomon Gartenhaus (Purdue U.), Ron Gautreau (New Jersey Institute of Technology), J. David
Gavenda (U. of Texas, Austin), Dennis Gay (U. of North Florida), Elizabeth George (Wittenberg U.),
James Gerhart (U. of Washington), N. S. Gingrich, J. L. Glathart, S. Goodwin, Rich Gottfried
(Frederick Comm. C.), Walter S. Gray (U. of Michigan), Paul Gresser (U. of Maryland), Benjamin
Grinstein (UC, San Diego), Howard Grotch (Pennsylvania State U.), John Gruber (San Jose State
U.), Graham D. Gutsche (U.S. Naval Academy), Michael J. Harrison (Michigan State U.), Harold
Hart (Western Illinois U.), Howard Hayden (U. of Connecticut), Carl Helrich (Goshen C.), Andrew
Hirsch (Purdue U.), Linda Hirst (UC, Merced), Laurent Hodges (Iowa State U.), C. D. Hodgman,
Elizabeth Holden (U. of Wisconsin, Platteville), Michael Hones (Villanova U.), Keith Honey (West
Virginia Institute of Technology), Gregory Hood (Tidewater Comm. C.), John Hubisz (North
Carolina State U.), Eric Hudson (Pennsylvania State U.), M. Iona, Bob Jacobsen (UC, Berkeley),
John Jaszczak (Michigan Technical U.), Alvin Jenkins (North Carolina State U.), Charles Johnson
(South Georgia State C.), Robert P. Johnson (UC, Santa Cruz), Lorella Jones (U. of Illinois), Manoj
Kaplinghat (UC, Irvine), John Karchek (GMI Engineering & Management Institute), Thomas Keil
(Worcester Polytechnic Institute), Robert Kraemer (Carnegie Mellon U.), Jean P. Krisch (U. of
Michigan), Robert A. Kromhout, Andrew Kunz (Marquette U.), Charles Lane (Berry C.), Stewart
Langton (U. of Victoria), Thomas N. Lawrence (Texas State U.), Robert J. Lee, Alfred Leitner
(Rensselaer Polytechnic U.), Frederic Liebrand (Walla Walla U.), Gerald P. Lietz (DePaul U.),
Gordon Lind (Utah State U.), S. Livingston (U. of Wisconsin, Milwaukee), Jorge Lopez (U. of
Texas, El Paso), Elihu Lubkin (U. of Wisconsin, Milwaukee), Robert Luke (Boise State U.), David
Lynch (Iowa State U.), Michael Lysak (San Bernardino Valley C.), Jeffrey Mallow (Loyola U.),
Robert Mania (Kentucky State U.), Robert Marchina (U. of Memphis), David Markowitz (U. of
Connecticut), Philip Matheson (Utah Valley U.), R. J. Maurer, Oren Maxwell (Florida International
U.), Joseph L. McCauley (U. of Houston), T. K. McCubbin, Jr. (Pennsylvania State U.), Charles
McFarland (U. of Missouri at Rolla), James Mcguire (Tulane U.), Lawrence McIntyre (U. of
Arizona), Fredric Messing (Carnegie Mellon U.), Thomas Meyer (Texas A&M U.), Andre Mirabelli
(St. Peter’s C., New Jersey), Herbert Muether (SUNY, Stony Brook), Jack Munsee (California State
U., Long Beach), Lorenzo Narducci (Drexel U.), Van E. Neie (Purdue U.), Forrest Newman
(Sacramento City C.), David A. Nordling (U.S. Naval Academy), Benedict Oh (Pennsylvania State
U.), L. O. Olsen, Michael Ottinger (Missouri Western State U.), Russell Palma (Minnesota State U.,
Mankato), Jim Pannell (DeVry Institute of Technology), Neeti Parashar (Purdue U., Calumet), W. F.
Parks (U. of Missouri), Robert Paulson (California State U., Chico), Jerry Peacher (U. of Missouri at
Rolla), Arnold Perlmutter (U. of Miami), Lennart Peterson (U. of Florida), R. J. Peterson (U. of



PREFACE

Colorado, Boulder), R. Pinkston, Ronald Poling (U. of Minnesota), Yuri Popov (U. of Michigan), J. G.
Potter, C. W. Price (Millersville U.), Francis Prosser (U. of Kansas), Shelden H. Radin, Roberto
Ramos (Drexel U.), Michael Rapport (Anne Arundel Comm. C.), R. Resnick, James A. Richards, Jr.,
John S. Risley (North Carolina State U.), Francesc Roig (UC, Santa Barbara), T. L. Rokoske,
Richard Roth (Eastern Michigan U.), Carl Rotter (U. of West Virginia), S. Clark Rowland (Andrews
U.), Rajarshi Roy (Georgia Institute of Technology), Russell A. Roy (Santa Fe Comm. C.), Desi
Saludes (Hillsborough Comm. C.), Thomas Sandin (North Carolina A&T State U.), Dhiraj Sardar
(U. of Texas, San Antonio), Tumer Sayman (Eastern Michigan U.), Bruce Schumm (UC, Santa
Cruz), Melvin Schwartz (St. John’s U.), F. A. Scott, L. W. Seagondollar, Paul Shand (U. of Northern
Iowa), Stan Shepherd (Pennsylvania State U.), Douglas Sherman (San Jose State U.), Bruce
Sherwood (Carnegie Mellon U.), Hugh Siefkin (Greenville C.), Christopher Sirola (U. of Southern
Mississippi), Tomasz Skwarnicki (Syracuse U.), C. P. Slichter, Jason Slinker (U. of Texas, Dallas),
Charles W. Smith (U. of Maine, Orono), Malcolm Smith (U. of Lowell), Ross Spencer (Brigham
Young U.), Julien Sprott (U. of Wisconsin), Victor Stanionis (Iona C.), James Stith (American
Institute of Physics), Chuck Stone (North Carolina A&T State U.), Edward Strother (Florida
Institute of Technology), Conley Stutz (Bradley U.), Albert Stwertka (U.S. Merchant Marine
Academy), Kenneth Szpara-DeNisco (Harrisburg Area Comm. C.), Devki Talwar (Indiana U. of
Pennsylvania), Fiorella Terenzi (Florida International U.), Martin Tiersten (CUNY, City C.), David
Toot (Alfred U.), Greg Trayling (Rochester Institute of Technology), Somdev Tyagi (Drexel U.),
Matthew Vannette (Saginaw Valley State U.), Eswara Venugopal (U. of Detroit, Mercy),

F. Verbrugge, Helmut Vogel (Carnegie Mellon U.), Aaron Warren (Purdue U., North Central), Robert
Webb (Texas A&M U.), Thomas Weber (Iowa State U.), M. Russell Wehr (Pennsylvania State U.),
Robert Weidman (Michigan Technical U.), Dan Whalen (UC, San Diego), Lester V. Whitney,
Thomas Wiggins (Pennsylvania State U.), Robyn Wilde (Oregon Institute of Technology), David
Willey (U. of Pittsburgh, Johnstown), George Williams (U. of Utah), John Williams (Auburn U.),
Stanley Williams (Iowa State U.), Jack Willis, Suzanne Willis (Northern Illinois U.), Robert Wilson
(San Bernardino Valley C.), L. Wolfenstein, James Wood (Palm Beach Junior C.), Lowell Wood (U.
of Houston), R. E. Worley, D. H. Ziebell (Manatee Comm. C.), George O. Zimmerman (Boston U.)

In addition, I would like to thank my past and present colleagues at UCSB, including Rob Geller,
Carl Gwinn, Al Nash, Elisabeth Nicol, and Francesc Roig, for their wholehearted support and for many
helpful discussions. I owe a special debt of gratitude to my early teachers Willa Ramsay, Peter Zim-
merman, William Little, Alan Schwettman, and Dirk Walecka for showing me what clear and engaging
physics teaching is all about, and to Stuart Johnson for inviting me to become a coauthor of University
Physics beginning with the Ninth Edition. Special acknowledgments go out to Lewis Ford for the
huge and essential task of creating the revised end-of-chapter problem sets, and to Wayne Anderson,
who carefully reviewed all of the new problems and solved them, and updated the Instructor’s Solu-
tions Manual. Thanks also go to Michael Faux, Elizabeth Holden, and Tom Sandin for their numerous
contributions to the end-of-chapter problems. I want to express special thanks to the editorial staff
at Pearson: to Jeanne Zalesky for her editorial vision; to Alice Houston for her keen eye and careful
development of this edition; to Karen Karlin, Margot Otway, Joanna Dinsmore, and Jason Harlow for
their careful reading of the page proofs; and to Martha Steele for keeping the editorial and production
pipelines flowing. Most of all, I want to express my gratitude and love to my wife, Caroline, to whom I
dedicate my contribution to this book. Hey, Caroline, the new edition’s done at last—let’s go flying!

PLEASE TELL ME WHAT YOU THINK!

I welcome communications from students and professors, especially concerning errors or
deficiencies that you find in this edition. The late Hugh Young and I have devoted a lot of
time and effort to writing the best book we know how to write, and I hope it will help as
you teach and learn physics. In turn, you can help me by letting me know what still needs
to be improved! Please feel free to contact me either electronically or by ordinary mail.
Your comments will be greatly appreciated.

August 2018

Roger A. Freedman

Department of Physics

University of California, Santa Barbara
Santa Barbara, CA 93106-9530

airboy @physics.ucsb.edu
http://www.physics.ucsb.edu/~airboy/
Twitter: @RogerFreedman

19


http://www.physics.ucsb.edu/~airboy/

20 PREFACE

ACKNOWLEDGMENTS FOR THE GLOBAL EDITION

Pearson would like to acknowledge and thank Prof. Katarzyna Zuleta Estrugo for her
expert contributions to the Global Edition, and the following for reviewing it:

Harri Arnio (Abo Akademi University), Justin Evans (University of Manchester), Kenneth
Hong Chong Ming (National University of Singapore), and Wang Qinghai (National
University of Singapore).



APPLICATIONS

CHAPTER 1
Scalar Temperature, Vector Wind

CHAPTER 2
BIO Testing Humans at High Accelerations

CHAPTER 3

BIO Horses on a Curved Path

The Moons of Jupiter

Watch Out: Tight Curves Ahead!

Relative Velocities near the Speed of Light

CHAPTER 4
Sledding with Newton’s First Law
Blame Newton’s Second Law

CHAPTER 5

Static Friction and Windshield Wipers
BIO Pollen and Fluid Resistance

BIO Circular Motion in a Centrifuge

CHAPTER 6

BIO Work and Muscle Fibers

BIO Tendons Are Nonideal Springs
BIO Muscle Power

CHAPTER 7

BIO Converting Gravitational Potential
Energy to Kinetic Energy

BIO Elastic Potential Energy of a Cheetah

Nonconservative Forces and Internal Energy
in a Tire

Topography and Potential Energy Gradient

Acrobats in Equilibrium

CHAPTER 8

BIO Woodpecker Impulse

Finding Planets Beyond Our Solar System
BIO Jet Propulsion in Squids

CHAPTER 9
BIO Rotational Motion in Bacteria
BIO Moment of Inertia of a Bird’s Wing

CHAPTER 10
BIO Combined Translation and Rotation
BIO Rolling for Reproduction

CHAPTER 11
BIO Young’s Modulus of a Tendon
BIO Bulk Stress on an Anglerfish

CHAPTER 12

BIO Liquid Cohesion in Trees

BIO Gauge Pressure of Blood

BIO Why Healthy Giraffes Have High
Blood Pressure

BIO Listening for Turbulent Flow

CHAPTER 13
Walking and Running on the Moon

BIO Biological Hazards of Interplanetary Travel

CHAPTER 14

BIO Wing Frequencies

BIO Forced Oscillations
BIO Canine Resonance

CHAPTER 15

BIO Waves on a Snake’s Body

BIO Eating and Transverse Waves

BIO Surface Waves and the Swimming
Speed of Ducks

CHAPTER 16
BIO Hearing Loss from Amplified Sound
BIO Resonance and the Sensitivity of the Ear

38

74

98
110
112
115

133
144

171
175
182

201
212
215

231
240

246
249
251

265
284
285

305
311

337
342

374
376

395
399

407
411

428
437

458
480
481

493
505

506

534
547

CHAPTER 17
BIO Mammalian Body Temperatures
BIO Fur Versus Blubber

CHAPTER 18
BIO Respiration and the Ideal-Gas Equation
BIO Activation Energy and Moth Activity

CHAPTER 19

BIO The First Law of Exercise
Thermodynamics

BIO Exhaling Adiabatically

CHAPTER 20

BIO Biological Efficiency

BIO Entropy Changes in a Living Organism
Polymers Coil in Solution

CHAPTER 21

BIO Electric Forces, Sweat, and Cystic Fibrosis

BIO Sharks and the “Sixth Sense”
BIO A Fish with an Electric Dipole Moment

CHAPTER 22

BIO Flux Through a Basking Shark’s Mouth
BIO Charge Distribution Inside a Nerve Cell
Why Lightning Bolts Are Vertical

CHAPTER 23

BIO Electrocardiography

BIO Electron Volts and Cancer Radiotherapy

BIO Potential Gradient Across a Cell
Membrane

CHAPTER 24

Touch Screens and Capacitance
Capacitors in the Toolbox

BIO Dielectric Cell Membrane
Smartphones, Capacitors, and Dielectrics

CHAPTER 25
BIO Resistivity and Nerve Conduction
BIO Danger: Electric Ray!

CHAPTER 26
BIO Electromyography
BIO Pacemakers and Capacitors

CHAPTER 27

BIO Spiny Lobsters and Magnetic
Compasses

BIO Magnetic Fields of the Body

BIO Magnetic Resonance Imaging

BIO Exercise Machines and the Hall Effect

CHAPTER 28

Currents and Planetary Magnetism

BIO Magnetic Fields for MRI

BIO Ferro Magnetic Nanoparticles
for Cancer Therapy

CHAPTER 29
BIO Exploring the Brain with Induced emfs
Eddy Currents Help Power Io’s Volcanoes

CHAPTER 30

Inductors, Power Transmission, and Lightning

Strikes
A Magnetic Eruption on the Sun

CHAPTER 31

BIO Measuring Body Fat by Bioelectric
Impedance Analysis

BIO Dangers of ac Versus dc Voltages

When dc Power Transmission Is Better
than ac

573
590

609
627

647
658

673
692
696

713
718
732

751
762
764

783
785

796

815
823
826
828

846
852

883
888

908
910
926
933

950
957

969

982
998

1020
1025

1056
1064

1066

CHAPTER 32

BIO Ultraviolet Vision

BIO Electromagnetic Plane Waves
from Space

BIO Laser Surgery

CHAPTER 33

BIO Transparency and Index of Refraction

Circular Polarization and 3-D Movies

Birefringence and Liquid Crystal Displays

BIO Bee Vision and Polarized Light from
the Sky

CHAPTER 34

Satellite Television Dishes

Inverting an Inverted Image

BIO Focusing in the Animal Kingdom
BIO The Telephoto Eyes of Chameleons

CHAPTER 35

BIO Phase Difference, Path Difference, and
Localization in Human Hearing

BIO Interference and Butterfly Wings

BIO Seeing Below the Surface with
Interferometry

CHAPTER 36

BIO Detecting DNA with Diffraction
Bigger Telescope, Better Resolution
BIO The Airy Disk in an Eagle’s Eye

CHAPTER 37

Which One’s the Grandmother?
Relative Velocity and Reference Frames
Monitoring Mass-Energy Conversion

CHAPTER 38

BIO Sterilizing with High-Energy Photons
BIO X-Ray Absorption and Medical Imaging
Butterfly Hunting with Heisenberg

CHAPTER 39

Using Spectra to Analyze an Interstellar
Gas Cloud

BIO Fish Fluorescence

BIO Blackbody Eyes

Star Colors and the Planck Radiation Law

CHAPTER 40
Particles in a Polymer “Box”
BIO Electron Tunneling in Enzymes

CHAPTER 41

BIO Electron Spins and Dating Human
Origins

BIO Electron Configurations and Bone
Cancer Radiotherapy

X Rays in Forensic Science

CHAPTER 42

BIO Molecular Zipper

BIO Using Crystals to Determine Protein
Structure

BIO Swallow This Semiconductor Device

CHAPTER 43

Using Isotopes to Measure Ancient Climate

BIO Deuterium and Heavy Water Toxicity

BIO A Radioactive Building

BIO Making Radioactive Isotopes for
Medicine

CHAPTER 44

BIO Pair Annihilation in Medical Diagnosis
BIO Linear Accelerators in Medicine

BIO A Fossil Both Ancient and Recent

1080

1086
1091

1110
1124
1125

1126

1145
1165
1167
1170

1190
1203

1204

1227
1231
1233

1255
1261
1269

1287
1290
1297

1314
1321
1333
1334

1361
1370

1409

1417
1421

1438

1443
1459

1472
1476
1493

1498

1514
1516
1539

21



DETAILED CONTENTS

MECHANICS
1 UNITS, PHYSICAL QUANTITIES,
AND VECTORS 29
1.1~ The Nature of Physics 29
1.2 Solving Physics Problems 30
1.3 Standards and Units 31
1.4 Using and Converting Units 34
1.5  Uncertainty and Significant Figures 36
1.6 Estimates and Orders of Magnitude 38
1.7 Vectors and Vector Addition 38
1.8  Components of Vectors 42
1.9  Unit Vectors 46
1.10  Products of Vectors 47
Summary 53
Guided Practice 54
Questions/Exercises/Problems 55
2 MOTION ALONG
A STRAIGHT LINE 62
2.1  Displacement, Time, and
Average Velocity 62
2.2 Instantaneous Velocity 65
2.3 Average and Instantaneous Acceleration 68
2.4 Motion with Constant Acceleration 72
2.5  Freely Falling Objects 78
2.6 Velocity and Position by Integration 81
Summary 84
Guided Practice 85
Questions/Exercises/Problems 86
3 MOTION IN TWO
OR THREE DIMENSIONS 94
3.1  Position and Velocity Vectors 94
3.2 The Acceleration Vector 97
3.3 Projectile Motion 102
3.4  Motion in a Circle 109
3.5 Relative Velocity 112
Summary 118
Guided Practice 119
Questions/Exercises/Problems 120
4 NEWTON’S LAWS OF MOTION 128
4.1  Force and Interactions 128
4.2  Newton’s First Law 131
4.3  Newton’s Second Law 135
4.4  Mass and Weight 140
4.5 Newton’s Third Law 143

22

4.6

52

53
54
55

6.1
6.2

6.3
6.4

7.1
7.2
7.3
7.4

Free-Body Diagrams
Summary

Guided Practice
Questions/Exercises/Problems

APPLYING NEWTON'S LAWS

Using Newton’s First Law:
Particles in Equilibrium

Using Newton’s Second Law:
Dynamics of Particles

Friction Forces

Dynamics of Circular Motion

The Fundamental Forces of Nature

Summary

Guided Practice

Questions/Exercises/Problems

WORK AND KINETIC ENERGY

Work

Kinetic Energy and the Work—Energy
Theorem

Work and Energy with Varying Forces

Power

Summary

Guided Practice

Questions/Exercises/Problems

POTENTIAL ENERGY
AND ENERGY CONSERVATION

Gravitational Potential Energy

Elastic Potential Energy

Conservative and Nonconservative Forces
Force and Potential Energy

147
148
149
151

157

157

162
169
177
182
184
185
186

199
199

204
209
215
218
219
220

229

229
238
243
247



DETAILED CONTENTS 23

7.5  Energy Diagrams 250 10.7  Gyroscopes and Precession 350
Summary 252 Summary 353
Guided Practice 253 Guided Practice 354
Questions/Exercises/Problems 254 Questions/Exercises/Problems 355

8 MOMENTUM, IMPULSE, 11 EQUILIBRIUM AND ELASTICITY 365
AND COLLISIONS 263 11.1  Conditions for Equilibrium 365

8.1  Momentum and Impulse 263 11.2  Center of Gravity 366

8.2  Conservation of Momentum 269 11.3  Solving Rigid-Body Equilibrium Problems 369

8.3  Momentum Conservation and Collisions 273 11.4  Stress, Strain, and Elastic Moduli 373

8.4  Elastic Collisions 277 11.5  Elasticity and Plasticity 379

8.5  Center of Mass 281 Summary 381

8.6 Rocket Propulsion 284 Guided Practice 382
Summary 288 Questions/Exercises/Problems 383
Guided Practice 289
Questions/Exercises/Problems 290 12 FLUID MECHANICS 394

12.1  Gases, Liquids, and Density 394
12.2  Pressure in a Fluid 396
12.3  Buoyancy 401
124 Fluid Flow 404
12.5  Bernoulli’s Equation 406
12.6  Viscosity and Turbulence 410
Summary 413
Guided Practice 414
Questions/Exercises/Problems 415

13 GRAVITATION 423
13.1 Newton’s Law of Gravitation 423
13.2  Weight 427
13.3  Gravitational Potential Energy 430
13.4  The Motion of Satellites 432
9 ROTATION OF RIGID BODIES 300 13.5 Kepler’s Laws and the Motion of Planets 435

9.1  Angular Velocity and Acceleration 300 13.6  Spherical Mass Distributions 439

9.2 Rotation with Constant Angular Acceleration 305 13.7  Apparent Weight and the Earth’s Rotation 442

9.3  Relating Linear and Angular Kinematics 307 13.8  Black Holes 443

9.4  Energy in Rotational Motion 310 Summary 447

9.5  Parallel-Axis Theorem 315 Guided Practice 448

9.6  Moment-of-Inertia Calculations 317 Questions/Exercises/Problems 449
Summary 319
Guided Practice 320 14 PERIODIC MOTION 457
Questions/Exercises/Problems 321

14.1  Describing Oscillation 457
142 Simple Harmonic Motion 459

10 DYNAMICS OF ROTATIONAL 143  Energy in Simple Harmonic Motion 466

MOTION 330 14.4  Applications of Simple Harmonic Motion 470

10.1  Torque 330 14.5  The Simple Pendulum 474
10.2  Torque and Angular Acceleration for a 14.6  The Physical Pendulum 475
Rigid Body 333 14.7  Damped Oscillations 477

10.3  Rigid-Body Rotation About a Moving Axis 336 14.8  Forced Oscillations and Resonance 479
10.4  Work and Power in Rotational Motion 342 Summary 481
10.5  Angular Momentum 344 Guided Practice 483

10.6  Conservation of Angular Momentum 347 Questions/Exercises/Problems 484



24

DETAILED CONTENTS

WAVES/ACOUSTICS

15 MECHANICAL WAVES 492
15.1  Types of Mechanical Waves 492
15.2  Periodic Waves 494
15.3  Mathematical Description of a Wave 497
15.4  Speed of a Transverse Wave 502
15.5  Energy in Wave Motion 506
15.6  Wave Interference, Boundary Conditions,

and Superposition 509

15.7  Standing Waves on a String 511
15.8  Normal Modes of a String 514
Summary 519

Guided Practice 520
Questions/Exercises/Problems 521

16 SOUND AND HEARING 529
16.1  Sound Waves 529
16.2  Speed of Sound Waves 534
16.3  Sound Intensity 538
16.4  Standing Sound Waves and Normal Modes 542
16.5 Resonance and Sound 546
16.6  Interference of Waves 548
16.7 Beats 550
16.8  The Doppler Effect 552
16.9  Shock Waves 557

Summary 559

Guided Practice 561

Questions/Exercises/Problems 562
THERMODYNAMICS

17 TEMPERATURE AND HEAT 569
17.1  Temperature and Thermal Equilibrium 569
17.2  Thermometers and Temperature Scales 571
17.3  Thermal Expansion 574
174 Quantity of Heat 580
17.5  Calorimetry and Phase Changes 583
17.6  Mechanisms of Heat Transfer 589

Summary 596
Guided Practice 597
Questions/Exercises/Problems 598

18 THERMAL PROPERTIES OF MATTER 607
18.1  Equations of State 607
18.2  Molecular Properties of Matter 613
18.3  Kinetic-Molecular Model of an Ideal Gas 616
18.4  Heat Capacities 622
18.5 Molecular Speeds 625

18.6

19

19.1
19.2
19.3
19.4

19.5
19.6
19.7
19.8

20

20.1

20.2
20.3
20.4
20.5
20.6
20.7
20.8

Phases of Matter

Summary

Guided Practice
Questions/Exercises/Problems

THE FIRST LAW
OF THERMODYNAMICS

Thermodynamic Systems
Work Done During Volume Changes
Paths Between Thermodynamic States
Internal Energy and the First Law

of Thermodynamics
Kinds of Thermodynamic Processes
Internal Energy of an Ideal Gas
Heat Capacities of an Ideal Gas
Adiabatic Processes for an Ideal Gas
Summary
Guided Practice
Questions/Exercises/Problems

THE SECOND LAW
OF THERMODYNAMICS

Directions of Thermodynamic
Processes

Heat Engines

Internal-Combustion Engines

Refrigerators

The Second Law of Thermodynamics

The Carnot Cycle

Entropy

Microscopic Interpretation of Entropy

Summary

Guided Practice

Questions/Exercises/Problems

627
630
631
632

641

641
643
645

646
651
653
654
657
660
661
662

670

670
672
675
677
679
681
687
693
697
698
699



ELECTROMAGNETISM

21

21.1
21.2
21.3
21.4
21.5
21.6
21.7

22

22.1
222
22.3
22.4
22.5

23

23.1
23.2
23.3
23.4
23.5

24

24.1
24.2
243

24.4
24.5
24.6

25

25.1
25.2
25.3

ELECTRIC CHARGE
AND ELECTRIC FIELD

Electric Charge

Conductors, Insulators, and Induced Charges
Coulomb’s Law

Electric Field and Electric Forces
Electric-Field Calculations

Electric Field Lines

Electric Dipoles

Summary

Guided Practice
Questions/Exercises/Problems

GAUSS'S LAW

Charge and Electric Flux
Calculating Electric Flux
Gauss’s Law

Applications of Gauss’s Law
Charges on Conductors
Summary

Guided Practice
Questions/Exercises/Problems

ELECTRIC POTENTIAL

Electric Potential Energy
Electric Potential

Calculating Electric Potential
Equipotential Surfaces
Potential Gradient

Summary

Guided Practice
Questions/Exercises/Problems

CAPACITANCE AND DIELECTRICS

Capacitors and Capacitance

Capacitors in Series and Parallel

Energy Storage in Capacitors and
Electric-Field Energy

Dielectrics

Molecular Model of Induced Charge

Gauss’s Law in Dielectrics

Summary

Guided Practice

Questions/Exercises/Problems

CURRENT, RESISTANCE,
AND ELECTROMOTIVE FORCE

Current
Resistivity
Resistance

706

707
710
713
718
722
728
729
734
735
736

746

746
749
753
757
762
766
767
768

775

775
782
788
792
795
798
799
800

809

810
814

818
821
827
829
830
831
832

840

841
844
847

254
25.5
25.6

26

26.1
26.2
26.3
26.4
26.5

27

27.1
27.2
273
27.4

27.5
27.6

27.7
27.8
27.9

28

28.1
28.2

DETAILED CONTENTS

Electromotive Force and Circuits
Energy and Power in Electric Circuits
Theory of Metallic Conduction
Summary

Guided Practice
Questions/Exercises/Problems

DIRECT-CURRENT CIRCUITS

Resistors in Series and Parallel
Kirchhoft’s Rules

Electrical Measuring Instruments
R-C Circuits

Power Distribution Systems
Summary

Guided Practice
Questions/Exercises/Problems

MAGNETIC FIELD AND
MAGNETIC FORCES

Magnetism
Magnetic Field
Magnetic Field Lines and Magnetic Flux
Motion of Charged Particles
in a Magnetic Field
Applications of Motion of Charged Particles
Magnetic Force on a Current-Carrying
Conductor
Force and Torque on a Current Loop
The Direct-Current Motor
The Hall Effect
Summary
Guided Practice
Questions/Exercises/Problems

SOURCES OF MAGNETIC FIELD

Magnetic Field of a Moving Charge
Magnetic Field of a Current Element

25

850
856
860
863
864
865

872

872
877
882
886
891
895
896
897

906

906
908
912

916
919

921
925
930
932
934
935
936

946

946
949



26 DETAILED CONTENTS

28.3  Magnetic Field of a Straight Current-Carrying 32.4  Energy and Momentum in
Conductor 951 Electromagnetic Waves 1089
28.4  Force Between Parallel Conductors 954 32.5 Standing Electromagnetic Waves 1094
28.5  Magnetic Field of a Circular Current Loop 955 Summary 1097
28.6  Ampere’s Law 958 Guided Practice 1098
28.7  Applications of Ampere’s Law 961 Questions/Exercises/Problems 1099
28.8  Magnetic Materials 965
Summary 970 OPTICS
Guided Practice 971
Questions/Exercises/Problems 972 33 THE NATURE AND
PROPAGATION OF LIGHT 1105
29 ELECTROMAGNETIC INDUCTION 981
33.1 The Nature of Light 1105
29.1  Induction Experiments 982 33.2  Reflection and Refraction 1107
29.2 Faraday’s Law 983 33.3  Total Internal Reflection 1113
29.3  Lenz’s Law 990 33.4  Dispersion 1116
29.4  Motional EMF 993 33.5 Polarization 1118
29.5 Induced Electric Fields 995 33.6 Scattering of Light 1125
29.6  Eddy Currents 997 33.7 Huygens’s Principle 1127
29.7  Displacement Current and Maxwell’s Equations 998 Summary 1129
29.8  Superconductivity 1003 Guided Practice 1130
Summary 1005 Questions/Exercises/Problems 1131
Guided Practice 1006
Questions/Exercises/Problems 1007 34 GEOMETRIC OPTICS 1138
34.1  Reflection and Refraction at a Plane Surface 1138
30 INDUCTANCE 1016 34.2  Reflection at a Spherical Surface 1142
30.1 Mutual Inductance 1016 34.3  Refraction at a Spherical Surface 1150
30.2  Self-Inductance and Inductors 1020 34.4  Thin Lenses 1155
30.3  Magnetic-Field Energy 1023 345  Cameras 1163
30.4  The R-L Circuit 1026 34.6  The Eye 1166
30.5 The L-C Circuit 1030 3477 The Magnifier 1170
30.6 The L-R-C Series Circuit 1035 34.8  Microscopes and Telescopes 1171
Summary 1037 Summary 1176
Guided Practice 1038 Guided Practice 1177
Questions/Exercises/Problems 1039 Questions/Exercises/Problems 1178
31 ALTERNATING CURRENT 1046 35 INTERFERENCE 1187
31.1  Phasors and Alternating Currents 1046 gg ; }El\:/f_fse;ir;zz ?giggrl;rce:;?igis } igz
31.2  Resistance and Reactance 1050
31.3  The L-R-C Series Circuit 1055
31.4  Power in Alternating-Current Circuits 1059
31.5 Resonance in Alternating-Current Circuits 1062
31.6  Transformers 1064
Summary 1068
Guided Practice 1069
Questions/Exercises/Problems 1070
32 ELECTROMAGNETIC WAVES 1076
32.1 Maxwell’s Equations and
Electromagnetic Waves 1076
32.2  Plane Electromagnetic Waves
and the Speed of Light 1080

32.3  Sinusoidal Electromagnetic Waves 1085




35.3 Intensity in Interference Patterns 1194
35.4 Interference in Thin Films 1198
35.5 The Michelson Interferometer 1203
Summary 1205
Guided Practice 1206
Questions/Exercises/Problems 1207
36 DIFFRACTION 1213
36.1 Fresnel and Fraunhofer Diffraction 1213
36.2  Diffraction from a Single Slit 1215
36.3 Intensity in the Single-Slit Pattern 1218
36.4  Multiple Slits 1222
36.5 The Diffraction Grating 1224
36.6  X-Ray Diffraction 1228
36.7  Circular Apertures and Resolving Power 1231
36.8 Holography 1234
Summary 1236
Guided Practice 1236
Questions/Exercises/Problems 1237
MODERN PHYSICS
37 RELATIVITY 1245
37.1 Invariance of Physical Laws 1245
37.2  Relativity of Simultaneity 1248
37.3  Relativity of Time Intervals 1250
37.4  Relativity of Length 1255
37.5 The Lorentz Transformations 1259
37.6  The Doppler Effect for Electromagnetic Waves 1263
37.7 Relativistic Momentum 1265
37.8  Relativistic Work and Energy 1267
37.9  Newtonian Mechanics and Relativity 1271
Summary 1272
Guided Practice 1273
Questions/Exercises/Problems 1274
38 PHOTONS: LIGHT WAVES
BEHAVING AS PARTICLES 1281
38.1 Light Absorbed as Photons:
The Photoelectric Effect 1281
38.2  Light Emitted as Photons: X-Ray Production 1287
38.3  Light Scattered as Photons: Compton
Scattering and Pair Production 1290
38.4  Wave—Particle Duality, Probability,
and Uncertainty 1293
Summary 1300
Guided Practice 1301
Questions/Exercises/Problems 1302
39 PARTICLES BEHAVING AS WAVES 1307
39.1  Electron Waves 1307
39.2  The Nuclear Atom and Atomic Spectra 1313

39.3

39.4
39.5
39.6

40

40.1

40.2
40.3
40.4
40.5
40.6

41

41.1

41.2
41.3
41.4
41.5
41.6

41.7
41.8

DETAILED CONTENTS 27

T-bacteriophage viruses

Energy Levels and the Bohr Model
of the Atom

The Laser

Continuous Spectra

The Uncertainty Principle Revisited

Summary

Guided Practice

Questions/Exercises/Problems

QUANTUM MECHANICS I:
WAVE FUNCTIONS

Wave Functions and the One-Dimensional
Schrodinger Equation

Particle in a Box

Potential Wells

Potential Barriers and Tunneling

The Harmonic Oscillator

Measurement in Quantum Mechanics

Summary

Guided Practice

Questions/Exercises/Problems

QUANTUM MECHANICS I1:
ATOMIC STRUCTURE

The Schrodinger Equation in Three
Dimensions

Particle in a Three-Dimensional Box

The Hydrogen Atom

The Zeeman Effect

Electron Spin

Many-Electron Atoms and the
Exclusion Principle

X-Ray Spectra

Quantum Entanglement

Summary

Guided Practice

Questions/Exercises/Problems

100 nm = 0.1 um

1318
1328
1331
1336
1339
1340
1341

1349

1349
1359
1364
1368
1371
1375
1378
1379
1381

1388

1388
1390
1395
1403
1406

1413
1420
1423
1427
1428
1429



28
42

42.1
422
423
42.4
42.5
42.6
42.7
42.8

43

43.1
432
433
43.4
43.5
43.6
43.7
43.8

DETAILED CONTENTS

MOLECULES AND
CONDENSED MATTER

Types of Molecular Bonds
Molecular Spectra

Structure of Solids

Energy Bands

Free-Electron Model of Metals
Semiconductors
Semiconductor Devices
Superconductivity

Summary

Guided Practice
Questions/Exercises/Problems

NUCLEAR PHYSICS

Properties of Nuclei

Nuclear Binding and Nuclear Structure
Nuclear Stability and Radioactivity
Activities and Half-Lives
Biological Effects of Radiation
Nuclear Reactions

Nuclear Fission

Nuclear Fusion

Summary

Guided Practice
Questions/Exercises/Problems

1436

1436
1439
1443
1446
1449
1453
1456
1461
1461
1462
1463

1470

1470
1475
1480
1487
1491
1493
1496
1500
1503
1504
1505

44 PARTICLE PHYSICS

AND COSMOLOGY 1511
44.1  Fundamental Particles—A History 1511
44.2  Particle Accelerators and Detectors 1516
44.3  Particles and Interactions 1520
44.4  Quarks and Gluons 1526
44.5  The Standard Model and Beyond 1530
44.6  The Expanding Universe 1532
4477  The Beginning of Time 1539
Summary 1547
Guided Practice 1548
Questions/Exercises/Problems 1549
APPENDICES
A The International System of Units A-1
B Unit Conversion Factors A-3
C The British System of Units A-3
D Useful Mathematical Relations A-6
E The Greek Alphabet A-7
F Periodic Table of the Elements A-8
G Numerical Constants A-9
Answers to Odd-Numbered Problems A-11
Credits C-1
Index I-1



BRIEF CONTENTS

MECHANICS
1 Units, Physical Quantities, and Vectors 29
Motion Along a Straight Line 62
3 Motion in Two or Three Dimensions 94
4 Newton’s Laws of Motion 128
5 Applying Newton’s Laws 157
© Work and Kinetic Energy 199
/  Potential Energy and Energy Conservation 229
8 Momentum, Impulse, and Collisions 263
9 Rotation of Rigid Bodies 300
10 Dynamics of Rotational Motion 330
11 Equilibrium and Elasticity 365
12 Fluid Mechanics 394
13 Gravitation 423
14 Periodic Motion 457
WAVES/ACOUSTICS
15 Mechanical Waves 492
16 Sound and Hearing 529
THERMODYNAMICS
17 Temperature and Heat 569
18 Thermal Properties of Matter 607
19  The First Law of Thermodynamics 641
20 The Second Law of Thermodynamics 670
ELECTROMAGNETISM
21 Electric Charge and Electric Field 706
22 Gauss’s Law 746
23 Electric Potential 775
24 Capacitance and Dielectrics 809
25  Current, Resistance, and Electromotive Force 840
26 Direct-Current Circuits 872

VOLUME 1: Chapters 1-20 e VOLUME 2: Chapters 21-37

27/ Magnetic Field and Magnetic Forces 906
28 Sources of Magnetic Field 946
29 Electromagnetic Induction 981
30 Inductance 1016
31 Alternating Current 1046
32 Electromagnetic Waves 1076
OPTICS
33 The Nature and Propagation of Light 1105
34 Geometric Optics 1138
35 Interference 1187
36 Diffraction 1213
MODERN PHYSICS
37/ Relativity 1245
38 Photons: Light Waves Behaving as Particles 1281
39 Particles Behaving as Waves 1307
40 Quantum Mechanics I: Wave Functions 1349
41 Quantum Mechanics II: Atomic Structure 1388
47 Molecules and Condensed Matter 1436
43 Nuclear Physics 1470
A4 Particle Physics and Cosmology 1511
APPENDICES
A The International System of Units A-1
B Unit Conversion Factors A-3
C The British System of Units A-3
D  Useful Mathematical Relations A-6
E The Greek Alphabet A-7
F  Periodic Table of the Elements A-8
G Numerical Constants A-9
Answers to Odd-Numbered Problems A-11
Credits C-1
Index I-1

VOLUME 3: Chapters 37-44



]. Units, Physical
Quantities, and Vectors

hysics is one of the most fundamental of the sciences. Scientists of all disciplines

use the ideas of physics, including chemists who study the structure of molecules,

paleontologists who try to reconstruct how dinosaurs walked, and climatologists
who study how human activities affect the atmosphere and oceans. Physics is also the
foundation of all engineering and technology. No engineer could design a flat-screen TV,
a prosthetic leg, or even a better mousetrap without first understanding the basic laws
of physics.

The study of physics is also an adventure. You’ll find it challenging, sometimes frus-
trating, occasionally painful, and often richly rewarding. If you’ve ever wondered why the
sky is blue, how radio waves can travel through empty space, or how a satellite stays in
orbit, you can find the answers by using fundamental physics. You’ll come to see phys-
ics as a towering achievement of the human intellect in its quest to understand our world
and ourselves.

In this opening chapter, we’ll go over some important preliminaries that we’ll need
throughout our study. We’ll discuss the nature of physical theory and the use of ideal-
ized models to represent physical systems. We’ll introduce the systems of units used to
describe physical quantities and discuss ways to describe the accuracy of a number. We’ll
look at examples of problems for which we can’t (or don’t want to) find a precise answer,
but for which rough estimates can be useful and interesting. Finally, we’ll study several
aspects of vectors and vector algebra. We’ll need vectors throughout our study of physics
to help us describe and analyze physical quantities, such as velocity and force, that have
direction as well as magnitude.

EXD THE NATURE OF PHYSICS

Physics is an experimental science. 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, physical laws or principles.

Tornadoes are spawned by severe

e 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; (ii) 24 km; (iii) 18 km; (iv) 12 km;
(v) 9 km.

LEARNING OUTCOMES

In this chapter, you'll learn...

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

What a physical theory is.

The four steps you can use to solve any
physics problem.

Three fundamental quantities of physics
and the units physicists use to measure
them.

How to work with units in your
calculations.

How to keep track of significant figures
in your calculations.

How to make rough, order-of-magnitude
estimates.

The difference between scalars and
vectors, and how to add and subtract
vectors graphically.

What the components of a vector are
and how to use them in calculations.
What unit vectors are and how to use
them with components to describe
vectors.

Two ways to multiply vectors: the scalar
(dot) product and the vector (cross)
product.

29




30 CHAPTER 1 Units, Physical Quantities, and Vectors

Figure 1.1 Two research laboratories.

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

""""" ... and he studied pendulum motion
by observing the swinging chandelier
in the adjacent cathedral.

(b) By doing experiments in apparent
weightlessness on board the International
Space Station, physicists have been able to
make sensitive measurements that would be
impossible in Earth’s surface gravity.

CAUTION The meaning of “theory” A theory is not just a random thought or an unproven
concept. Rather, a theory is an explanation of natural phenomena based on observation and ac-
cepted fundamental principles. An example is the well-established theory of biological evolution,
which is the result of extensive research and observation by generations of biologists.

To develop a physical theory, a physicist has to ask appropriate questions, design exper-
iments to try to answer the questions, and draw appropriate conclusions from the results.
Figure 1.1 shows two important facilities used for physics experiments.

Legend has it that Galileo Galilei (1564-1642) dropped light and heavy objects 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 deduced the theory that the acceleration of a freely
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 unsuccessful theories in favor of
more promising ones. Physics is not simply a collection of facts and principles; it is also
the process by which we arrive at general principles that describe how the physical uni-
verse behaves.

No theory is ever regarded as the ultimate truth. It’s always possible that new observa-
tions will require that a theory be revised or discarded. Note that we can disprove a theory
by finding behavior that is inconsistent with it, but we can never prove that a theory is
always correct.

Getting back to Galileo, suppose we drop a feather and a cannonball. They certainly
do not fall 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 cannonball in a vacuum to elimi-
nate 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.

E¥J SOLVING PHYSICS PROBLEMS

At some point in their studies, almost all physics students find themselves thinking, “I
understand the concepts, but I just can’t solve the problems.” But in physics, truly under-
standing a concept means being 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 do physics.

How do you learn to solve physics problems? In every chapter of this book you’ll find
Problem-Solving Strategies that offer techniques for setting up and solving problems
efficiently and accurately. Following each Problem-Solving Strategy are 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 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 problems, 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 fol-
low. (These same steps are equally useful for problems in math, engineering, chemistry,
and many other fields.) In this book we’ve organized these steps into four stages of solving
a problem.

All of the Problem-Solving Strategies and Examples in this book will follow these four
steps. (In some cases we’ll 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
acronym I SEE—short for Identify, Set up, Execute, and Evaluate.
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IDENTIFY the relevant concepts:

Use the physical conditions stated in the problem to help you
decide which physics concepts are relevant.

Identify the target variables of the problem—that is, the
quantities whose values you're trying to find, such as the speed at
which a projectile hits the ground, the intensity of a sound made
by a siren, or the size of an image made by a lens.

Identify the known quantities, as stated or implied in the problem.
This step is essential whether the problem asks for an algebraic
expression or a numerical answer.

SET UP the problem:

Given the concepts, known quantities, and target variables that
you found in the IDENTIFY step, choose the equations that you’ll
use to solve the problem and decide how you’ll use them. Study

EXECUTE the solution:

EVALUATE your answer:

If appropriate, draw a sketch of the situation described in the
problem. (Graph paper and a ruler will help you make clear,
useful sketches.)

Here’s where you’ll “do the math” with the equations that you
selected in the SET UP step to solve for the target variables that
you found in the IDENTIFY step. Study the worked examples to
see what’s involved in this step.

Check your answer from the SOLVE step to see if it’s reasonable.
(If you’re calculating how high a thrown baseball goes, an answer
of 1.0 mm is unreasonably small and an answer of 100 km is
unreasonably large.) If your answer includes an algebraic expres-
sion, confirm that it correctly represents what would happen if the

the worked examples in this book for tips on how to select the
proper equations. If this seems challenging, don’t worry—you’ll .
get better with practice!

e Make sure that the variables you have identified correlate exactly

with those in the equations. you have just solved.

variables in it had very large or very small values.

For future reference, make note of any answer that represents a
quantity of particular significance. Ask yourself how you might
answer a more general or more difficult version of the problem

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 clothing (or the absence
thereof). In physics a model is a simplified version of a physical system that would be too
complicated to analyze in full detail.

For example, suppose we want to analyze the motion of a thrown baseball (Fig. 1.2a).
How complicated is this problem? The ball is not a perfect sphere (it has raised seams),
and it spins as it moves through the air. Air resistance and wind influence its motion, the
ball’s weight varies a little as its altitude changes, and so on. If we try to include all these
effects, the analysis gets hopelessly complicated. Instead, we invent a simplified version of
the problem. We ignore the size, shape, and rotation of the ball by representing it as a point
object, or particle. We ignore air resistance by making the ball move in a vacuum, and
we make the weight constant. Now we have a problem that is simple enough to deal with
(Fig. 1.2b). We’ll analyze this model in detail in Chapter 3.

We have to overlook quite a few minor effects to make an idealized model, but we must
be careful not to neglect too much. If we ignore the effects of gravity completely, then our
model predicts that when we throw the ball up, it will go in a straight line and disappear
into space. A useful model simplifies a problem enough to make it manageable, yet keeps
its essential features.

The validity of the predictions we make using a model is limited by the validity of
the model. For example, Galileo’s prediction about falling objects (see Section 1.1) corre-
sponds 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 discus-
sions of physical theories and their applications to specific problems.

E¥J 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 quantitatively is called

Figure 1.2 To simplify the analysis of
(a) a baseball in flight, we use (b) an
idealized model.

(a) A real baseball in flight

A baseball spins and has a complex shape.

%

Air resistance and
wind exert forces --..,
on the ball. “«

motion

depends on altitude.

(b) An idealized model of the baseball

Treat the baseball as a point object (particle).

No air resistance. L .
Direction of

o motion
Gravitational force

on ball is constant.

Direction of
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Figure 1.3 The measurements used to
determine (a) the duration of a second
and (b) the length of a meter. These
measurements are useful for setting
standards because they give the same
results no matter where they are made.

(a) Measuring the second

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

Outermost
electron
Cesium-133 o 1 @
atom <

... causes the outermost electron of a
cesium-133 atom to reverse its spin direction.

. ~\
Cesium-133 o @
—

atom

An atomic clock uses this phenomenon to tune
microwaves to this exact frequency. It then

counts 1 second for each 9,192,631,770 cycles.

(b) Measuring the meter

W

source Light travels exactly !

299,792,458 min 1 s.

a physical quantity. For example, two physical quantities 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 an operational
definition. Two examples are measuring a distance by using a ruler and measuring a
time interval by using a stopwatch. In other cases we define a physical quantity by de-
scribing how to calculate it from other quantities that we can measure. Thus we might
define the average speed of a moving object as the distance traveled (measured with a
ruler) divided by the time of travel (measured with a stopwatch).

When we measure a quantity, we always compare it with some reference standard. When
we say that a basketball hoop is 3.05 meters above the ground, we mean that this distance is
3.05 times as long as a meter stick, which we define to be 1 meter long. Such a standard de-
fines a unit of the quantity. The meter is a unit of distance, and the second is a unit of time.
When we use a number to describe a physical quantity, we must always specify the unit that
we are using; to describe a distance as simply “3.05” wouldn’t mean anything.

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 commonly called “the metric system,” but
since 1960 it has been known officially as the International System, or SI (the abbreviation
for its French name, Systéme International). Appendix A gives a list of all SI units as well as
definitions of the most fundamental units. The United States and a few other countries use the
British System of Units. Appendix C gives a list of British units as well as their definitions.

Time

From 1889 until 1967, the unit of time was defined as a certain fraction of the 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 the two lowest energy states of the
cesium atom ('**Cs). When bombarded by microwaves of precisely the proper frequency,
cesium atoms undergo a transition from one of these states to the other. One second
(abbreviated s) is defined as the time required for 9,192,631,770 cycles of this microwave
radiation (Fig. 1.3a).

Length

In 1960 an atomic standard for the meter was also established, using the wavelength of the
orange-red light emitted by excited atoms of krypton (SGKr). From this length standard,
the speed of light in vacuum was measured to be 299,792,458 m/s. In November 1983, the
length standard was changed again so that the speed of light in vacuum was defined to be
precisely 299,792,458 m/s. Hence the new definition of the meter (abbreviated m) is the
distance that light travels in vacuum in 1/299,792,458 second (Fig. 1.3b). This modern
definition provides a much more precise standard of length than the one based on a wave-
length of light.

Mass

Until recently the unit of mass, the kilogram (abbreviated kg), was defined to be the
mass of a metal cylinder kept at the International Bureau of Weights and Measures in
France (Fig. 1.4). This was a very inconvenient standard to use. Since 2018 the value of
the kilogram has been based on a fundamental constant of nature called Planck’s constant
(symbol %), whose defined value & = 6.62607015 X 107* kg - m?/s is related to those of
the kilogram, meter, and second. Given the values of the meter and the second, the masses
of objects can be experimentally determined in terms of 4. (We’ll explain the meaning of
h in Chapter 28.) The gram (which is not a fundamental unit) is 0.001 kilogram.



Other derived units can be formed from the fundamental units. For example, the units
of speed are meters per second, or m/s; these 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 kilometer (1 km) is 1000 meters, and one centimeter (1 cm) is 755 meter. We usually
express multiples of 10 or % in exponential notation: 1000 = 10°, ﬁ = 1073, and so on.
With this notation, 1 km = 10°mand 1 cm = 102 m.

The names of the additional units are derived by adding a prefix to the name of the
fundamental unit. For example, the prefix “kilo-,” abbreviated k, always means a unit

larger by a factor of 1000; thus

1 km = 10> meters = 10° m

1 kilometer

1 kilogram = 1kg = 10> grams = 10° g

1 kilowatt = 1kW = 10° watts = 10° W

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

Table 1.1 gives some examples of the use of multiples of 10 and their prefixes with the
units of length, mass, and time. Figure 1.5 (next page) shows how these prefixes are used
to describe both large and small distances.

TABLE 1.1 Some Units of Length, Mass, and Time
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Figure 1.4 Until 2018 a metal cylinder
was used to define the value of the
kilogram. (The one shown here, a copy

of the one in France, was maintained by
the U. S. National Institute of Standards
and Technology.) Today the kilogram is
defined in terms of one of the fundamental
constants of nature.

)

Length Mass

Time

1 microgram = 1pug = 10%g = 107 kg
(mass of a very small dust particle)

I nanometer = lnm = 10°m
(a few times the size of the largest atom)
1 milligram = lmg = 10°g = 107° kg
(mass of a grain of salt)
1 gram =1lg = 1073 kg
(mass of a paper clip)

1 micrometer = 1 um = 10 °m
(size of some bacteria and other cells)
I millimeter = 1 mm = 10 m
(diameter of the point of a ballpoint pen)

I centimeter = lcm = 1072 m
(diameter of your little finger)

1 kilometer = 1km = 10°m
(distance in a 10 minute walk)

1 nanosecond = lns = 1077
(time for light to travel 0.3 m)

1 microsecond = 1 us = 10
(time for space station to move 8 mm)

1 millisecond = 1ms = 107
(time for a plane flying at cruising speed
to travel 25 cm)
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Figure 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%°m

Limit of the (b) 10" m 4
observable Distance to () 10’ m
universe the sun Diameter of (d) I m
the earth Human (e) 105 m
dimensions Diameter of a ~10
red blood cell (f) 1_0 m
Radius of an (@ 1074 m
atom Radius of an

atomic nucleus

EX3 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, ¢ a time of 5 s, and v a speed

of 2 m/s.

An equation must always be dimensionally consistent. You can’t add apples and au-
tomobiles; two terms may be added or equated only if they have the same units. For ex-
ample, if an object moving with constant speed v travels a distance d in a time ¢, these

quantities are related by the equation

d = vt

If d is measured in meters, then the product v must also be expressed in meters. Using the

above numbers as an example, we may write

10 —<2m>5
m = g(ﬁ’)

Because the unit s in the denominator of m/s cancels, the product has units of meters, as
it must. In calculations, units are treated just like algebraic symbols with respect to multi-

plication and division.

CAUTION Always use units in calculations Make it a habit to always write numbers with
the correct units and carry the units through the calculation as in the example above. This pro-
vides a very useful 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’ll always
carry units through all calculations, and we strongly urge you to follow this practice when you

solve problems.
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IDENTIFY the relevant concepts: In most cases, it’s best to use the
fundamental SI units (lengths in meters, masses in kilograms, and
times in seconds) in every problem. If you need the answer to be in a
different set of units (such as kilometers, grams, or hours), wait until
the end of the problem to make the conversion.

SET UP the problem and EXECUTE the solution: Units are multi-
plied and divided just like ordinary algebraic symbols. This gives us
an easy way to convert a quantity from one set of units to another:
Express the same physical quantity in two different units and form
an equality.

For example, when we say that 1 min = 60 s, we don’t mean
that the number 1 is equal to the number 60; rather, we mean that
1 min represents the same physical time interval as 60 s. For this
reason, the ratio (1 min)/(60s) equals 1, as does its reciprocal,
(60 s)/(1 min). We may multiply a quantity by either of these factors

(which we call unit multipliers) without changing that quantity’s
physical meaning. For example, to find the number of seconds in
3 min, we write

. . 60 s
3min = (3 m{ﬁ)(l m{ﬁ) 180 s
EVALUATE your answer: If you do your unit conversions correctly,
unwanted units will cancel, as in the example above. If, instead, you
had multiplied 3 min by (1 min)/(60 s), your result would have been
the nonsensical % min®/s. To be sure you convert units properly, in-
clude the units at all stages of the calculation.

Finally, check whether your answer is reasonable. For exam-
ple, the result 3 min = 180 s is reasonable because the second is a
smaller unit than the minute, so there are more seconds than minutes
in the same time interval.

EXAMPLE 1.1 Converting speed units

The world land speed record of 1228.0 km/h was set on October 15,
1997, by Andy Green in the jet-engine car Thrust SSC. Express this
speed in meters per second.

IDENTIFY, SET UP, and EXECUTE We need to convert the units of a
speed from km/h to m/s. We must therefore use unit multipliers that re-
late (i) kilometers to meters and (ii) hours to seconds. We have 1 km =
1000 m, and 1 h = 3600 s. We set up the conversion as follows, which
ensures that all the desired cancellations by division take place:

(]228.0@)<1000m)( 1K )
K\ 1km /\3600s

341.1 m/s

1228.0 km/h

EVALUATE This example shows a useful rule: A speed expressed in m/s
is the value expressed in km/h divided by 3.6 (hence, between one third
and one quarter of the value in km/h). A speed expressed in km/h is the
value expressed in m/s times 3.6. For example 20 m/s = 72 km/h and
90 km/h =25 m/s.

KEYCONCEPT To convert units, multiply by an appropriate unit
multiplier.

EXAMPLE 1.2 Converting volume units

One of the world’s largest cut diamonds is the First Star of Africa
(mounted in the British Royal Sceptre and kept in the Tower of
London). Its volume is 30.2 cubic centimeters. What is its volume in
cubic millimeters? In cubic meters?

IDENTIFY, SET UP, and EXECUTE Here we are to convert the units of a
volume from cubic centimeters (cm?) to both cubic millimeters (mm?)
and cubic meters (m*). Since 1 cm = 10 mm we have

10 3
30.2 cm® = (30.2 cm3)(ﬂ)
I cm

3ﬁ>ﬂ'€mm3

= 30,200 mm’
car

= (30.2)(10)

Since 1 m = 100 cm, we also have
Im \?
30.2 cm® = (30.2 cm® (7)
em” = (302 em )| 150 em

1\ mﬁm3
= (302)( — =302 X 10°°m?
( )(100) cat® "

=302 X 10°m?

EVALUATE Following the pattern of these conversions, can you show
that 1 km® = 10° m® and that 1 wm? = 1078 m3?

KEYCONCEPT If the units of a quantity are a product of simpler
units, such as m=m X m X m, use a product of unit multipliers to
convert these units.
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Figure 1.6 This spectacular mishap was
the result of a very small percent error—
traveling a few meters too far at the end
of a journey of hundreds of thousands of
meters.

TABLE 1.2 Using Significant Figures

Multiplication or division:
Result can have no more significant figures
than the factor with the fewest significant figures:

0.745 X 2.2 «_-"'(;';2
3885 F
132578 X 107 X 4.11 X 103 = 5.45 x 10*

Addition or subtraction:

Number of significant figures is determined by
the term with the largest uncertainty (i.e., fewest
digits to the right of the decimal point):

27.153 + 1382 — 11.74 = 153.6

Figure 1.7 Determining the value of 7 from
the circumference and diameter of a circle.

424 mm
%

The measured values have only three sigﬁiﬁcant
figures, so their calculated ratio (7r) also has
only three significant figures.

m UNCERTAINTY AND SIGNIFICANT FIGURES

Measurements 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 wrong to 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 cali-
per, a device that measures distances reliably to the nearest 0.01 mm, the result will be
2.91 mm. The distinction between the measurements with a ruler and with a caliper is in
their uncertainty; the measurement with a caliper has a smaller uncertainty. The uncer-
tainty is also called the error because it indicates the maximum difference there is likely
to be between the measured value and the true value. The uncertainty or error of a mea-
sured value depends on the measurement technique used.

We often indicate the accuracy of a measured value—that is, how close it is likely
to be to the true value—by writing the number, the symbol *, and a second number
indicating the uncertainty of the measurement. If the diameter of a steel rod is given as
56.47 £ 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 number 1.6454(21)
means 1.6454 + 0.0021. The numbers in parentheses show the uncertainty in the final
digits of the main number.

We can also express accuracy in terms of the maximum likely fractional error or
percent error (also called fractional uncertainty and percent uncertainty). A resistor la-
beled “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 error is
(0.02 mm)/(56.47 mm), or about 0.0004; the percent error is (0.0004)(100%), or about
0.04%. Even small percent errors can be very significant (Fig. 1.6).

In many cases the uncertainty of a number is not stated explicitly. Instead, the uncer-
tainty is indicated by the number of meaningful digits, or significant figures, in the mea-
sured 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 same number of significant figures may have different
uncertainties; a distance given as 137 km also has three significant figures, but the uncer-
tainty is about 1 km. A distance given as 0.25 km has two significant figures (the zero to the
left of the decimal point doesn’t count); if given as 0.250 km, it has three significant figures.

When you use numbers that have uncertainties to compute other numbers, the com-
puted numbers are also uncertain. When numbers are multiplied or divided, the result
can have no more significant figures than the factor with the fewest significant figures
has. For example, 3.1416 X 2.34 X 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
example, 123.62 + 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 1.2 summarizes these rules for significant figures.

To apply these ideas, suppose you want to verify the value of 7, the ratio of the circum-
ference 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 circumference and diameter to the
nearest millimeter, obtaining the values 424 mm and 135 mm (Fig. 1.7). You enter these
into your calculator and obtain the quotient (424 mm)/(135 mm) = 3.140740741. This
may seem to disagree with the true value of 7, but keep in mind that each of your mea-
surements has three significant figures, so your measured value of 77 can have only three
significant figures. It should be stated simply as 3.14. Within the limit of three significant
figures, your value does agree with the true value.

In the examples and problems in this book we usually give numerical values with three
significant figures, so your answers should usually have no more than three significant fig-
ures. (Many numbers in the real world have even less accuracy. The speedometer in a car,
for example, usually gives only two significant 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 as 341.01861 m/s. Note that when you reduce such an answer to the appropriate
number of significant figures, you must round, not truncate. 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.
Here’s a special note about calculations that involve multiple steps: As you work, it’s helpful
to keep extra significant figures in your calculations. Once you have your final answer, round it
to the correct number of significant figures. This will give you the most accurate results.
When we work with very large or very small numbers, we can show significant figures
much more easily by using scientific 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 10%) and multiply by 108; that s,

384,000,000 m = 3.84 X 108 m

In this form, it is clear that we have three significant figures. The number 4.00 X 107’
also has three significant figures, even though two of them are zeros. Note that in scien-
tific 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 vx2 = voxz + 2a.(x — xp),
which is Eq. (2.13) in Chapter 2, the coefficient 2 is exactly 2. We can consider this coeffi-
cient as having an infinite number of significant figures (2.000000. . . ). The same is true
of the exponent 2 in sz and voxz.

Finally, let’s note that precision is not the same as accuracy. A cheap digital watch that
gives the time as 10:35:17 a.m. is very precise (the 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 and accurate.

EXAMPLE 1.3 Significant figures in multiplication

1.5 Uncertainty and Significant Figures
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The rest energy E of an object with rest mass m is given by Albert
Einstein’s famous equation E = mc?, where ¢ is the speed of light
in vacuum. Find E for an electron for which (to three significant
figures) m = 9.11 X 103" kg. The SI unit for E is the joule (J);
1J = 1kg-m?/s.

must round this to

E =819 X 107" kg-m?/s> = 8.19 X 10747

Since the value of m was given to only three significant figures, we

IDENTIFY and SET UP Our target variable is the energy E. We are given
the value of the mass m; from Section 1.3 (or Appendix G) the speed of
light is ¢ = 2.99792458 X 10% m/s.

EXECUTE Substituting the values of m and c¢ into Einstein’s equation,
we find

E = (9.11 X 1021 kg)(2.99792458 X 10%m/s)
(9.11)(2.99792458 *(10731) (108 kg - m?/s*
= (81.87659678) (10l 31+ (2X8)]) kg - m?/s?

= 8.187659678 X 10~ '* kg - m?/s?

EVALUATE While the rest energy contained in an electron may seem
ridiculously small, on the atomic scale it is tremendous. Compare our
answer to 107!°J, the energy gained or lost by a single atom during
a typical chemical reaction. The rest energy of an electron is about
1,000,000 times larger! (We’ll discuss the significance of rest energy in
Chapter 37.)

KEYCONCEPT When you are multiplying (or dividing) quantities,
the result can have no more significant figures than the quantity with the
fewest significant figures.

TEST YOUR UNDERSTANDING OF SECTION 1.5 The density of a material is equal to its
mass divided by its volume. What is the density (in kg/m3) of a rock of mass 1.80 kg and volume
6.0 X 107 m3? (i) 3 X 10° kg/m>; (ii) 3.0 X 10° kg/m?; (iii) 3.00 X 10’ kg/m?;

(iv) 3.000 X 103 kg/m?; (v) any of these—all of these answers are mathematically equivalent.

ANSWER

J[NSAI Y} Ul SINF1J JUBOLIUSIS JO JOQUINU Y} S[ONIUOD SAINTTJ JUBOYIUTIS 1S9MIJ 9Y) (1M Joquunu
3y “op1AIp Jo Adnmur am uaym " W/SY 01 X 0°¢ = (W, 01 X 0°9)/(3Y08°1) = Asuaq (1) |
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m ESTIMATES AND ORDERS OF MAGNITUDE

We have stressed the importance of knowing the accuracy of numbers that represent phys-
ical quantities. But even a very crude estimate of a quantity often gives us useful informa-
tion. 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 approximations. 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 cal-
culations are called order-of-magnitude estimates. The great Italian-American nuclear
physicist Enrico Fermi (1901-1954) called them “‘back-of-the-envelope calculations.”
Exercises 1.15 through 1.20 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.

EXAMPLE 1.4 An order-of-magnitude estimate

You are writing an adventure novel in which the hero escapes with a
billion dollars’ worth of gold in his suitcase. Could anyone carry that
much gold? Would it fit in a suitcase?

IDENTIFY, SET UP, and EXECUTE Gold sells for about $40 a gram
(the price per gram has varied between $34 and $45 over the past five
years or so), or about $1000 for 25 grams, that is about $1 million for
25 kilograms. A billion (1 X 10°) dollars’ worth of gold has a mass 10°
times greater, about 25,000 kilograms or 25 tonnes! No human could
lift it, let alone carry it. (25 tonnes is about the same as the mass of five
asian elephants or two double-decker buses.)

What would the density of gold need to be in order for this amount
to fit in a suitcase? The same amount of water would have the volume of
25 m® or 25,000 liters (the density of water is 1 g/cm> = 1000 kg/m?> and
1 liter =1 L= 10"> m®). This is more than 100 times the capacity of even
the largest suitcase (120 to 160 L). Therefore, for 25,000 kilograms of gold
to fit in a suitcase, gold would need to be at least 100 times denser than

water. In other words, a cube of gold of side 10 cm would have a mass
larger than 100 kg, which is certainly not the case. Gold is much denser
than water, but not that dense. (The density of gold is actually 19.3 g/cm3,
which is roughly 20 times that of water; the densest naturally occurring
element on earth is osmium which has the density of 22.6 g/cm3 )

EVALUATE Clearly your novel needs rewriting. Maybe your hero could
be satisfied with 1 million dollars’ worth of gold? We have seen that the
mass of gold in this case is about 25 kilograms, an amount which your
hero should be able to carry and which would easily fit in a briefcase.
If you want a more spectacular amount, try the calculation again with
a suitcase full of five-carat (1-gram) diamonds, each worth $500,000.
Would this work?

KEYCONCEPT To decide whether the numerical value of a quantity
is reasonable, assess the quantity in terms of other quantities that you
can estimate, even if only roughly.

APPLICATION Scalar
Temperature, Vector Wind The
comfort level on a wintry day depends
on the temperature, a scalar quantity
that can be positive or negative (say,
+5°C or —20°C) but has no direction.

It also depends on the wind velocity, a
vector quantity with both magnitude and
direction (for example, 15 km/h 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 campus? (Hint: How many teeth are in your mouth? Count them!)
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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 a direction associated with them and cannot be described 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 con-
stitute a quantity called velocity. Another example is force, which in physics means a push
or pull exerted on an object. Giving a complete description of a force means describing both
how hard the force pushes or pulls on the object and the direction of the push or pull.

When a physical quantity is described by a single number, we call it a scalar quantity.
In contrast, a vector quantity has both a magnitude (the “how much” or “how big” part)
and a direction in space. Calculations that combine scalar quantities use the operations of
ordinary arithmetic. For example, 6 kg + 3kg = 9kg, or4 X 2s = 8 s. However, com-
bining 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 letter, such as
Ain Fig. 1.8a. In this book we always print vector symbols in boldface italic type with
an arrow above them. We do this to remind you that vector quantities have different prop-
erties from scalar quantities; the arrow is a reminder that vectors have direction. When
you handwrite a symbol for a vector, always write it with an arrow on top. If you don’t dis-
tinguish between scalar and vector quantities in your notation, you probably won’t make
the distinction in your thinking either, and confusion will result.

We always draw a vector as a line with an arrowhead at its tip. The length of the line
shows the vector’s magnitude, and the direction of the arrowhead shows the vector’s direc-
tion. Displacement is always a straight-line segment directed from the starting point to the
ending point, even though the object’s actual path may be curved (Fig. 1.8b). Note that dis-
placement is not related directly to the total distance traveled. If the object were to continue
past P, and then return to Py, the displacement for the entire trip would be zero (Fig. 1.8c).

If two vectors have the same direction, they are parallel. If they have the same mag-
nitude and the same direction, they are equal, no matter where they are located in space.
The vector A from point P; to point P in Fig. 1.9 has the same length and direction as
the vector A from Py to P5. These two displacements are equal, even though they start at
different points. We write this as A =Ain Fig. 1.9; 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 magnitude and
the same direction.

Vector B in Fig. 1.9, however, is not equal to A because its direction is opposite that
of A. We define the negative of a vector as a vector having the same magnltude as the
orlglnal vector but the opposite direction. The negative of vector quantity A is denoted as
—A and we use a boldfaceﬁmlnus sign to emphasize the vector nature of the quantities.
If Ais 87 m south, then —A is 87 m north. Thus we can write the relationship between
A and Bin Fig. 19 as A = —BorB = —A. When two vectors A and B have opposite di-
rections, whether their magnitudes are the same or not, we say that they are antiparallel.

We usually represent the magnitude of a vector quantity by the same letter used for
the vector, but in lightface italic type with no arrow on top. For example, if displacement
vector A is 87 m south, then A = 87 m. An alternative notation is the vector symbol with
vertical bars on both sides:

(Magnitude of A) = A = |A] (1.1)

The magnitude of a vector quantity is a scalar quantity (a number) and is always positive.
Note that a vector can never be equal to a scalar because they are different kinds of quan-
tities. The expression “A =6m”is just as wrong as “2 oranges = 3 apples”!

When we draw diagrams with vectors, it’s best to use a scale similar to those used for
maps. For example, a displacement of 5 km might be represented in a diagram by a vector

1 cm long, and a displacement of 10 km by a vector 2 cm long.

Vector Addition and Subtraction

Suppose a particle undergoes a displacement A followed by a second displacement B. The
final result is the same as if the particle had started at the same initial point and undergone
a single displacement C (Fig. 1.10a, next page). We call displacement C the vector sum,
or resultant, of displacements A and B. We express this relationship symbolically as

C=A+B (1.2)
The boldface plus sign emphasizes that adding two vector quantities requires a geo-
metrical process and is not the same operation as adding two scalar quantities such as
2 + 3 = 5. In vector addition we usually place the fail of the second vector at the head,
or tip, of the first vector (Fig. 1.10a).
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Figure 1.8 Displacement as a vector
quantity.
(a) We represent a displacement by an arrow that
points in the direction of displacement.

Ending position: P,
L

Displacement A

Starting position: P,
s
Handwritten notation: ﬁ

(b) A displacement is always a straight arrow
directed from the starting position to the ending
position. It does not depend on the path taken,
even if the path is curved.

vt P,

A
Path taken

(c) Total displacement for a round trip is 0,
regardless of the path taken or distance traveled.

Figure 1.9 The meaning of vectors that
have the same magnitude and the same or
opposite direction.

P, P,
[ ]

Displaccrﬁcnt B has
the same magnitude
as A but opposite
direction; B is the
negative of A.

Displacements A and A
are equal because they
have the same length
and direction.
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Figure 1.10 Three ways to add two vectors.

(a) We can add two vectors by placing them
head to tail.

The vector sum C ... to the head
extends from the of vector B.
tail of vector A ... B
: =
Al S . -
C=A+B

(b) Adding them in reverse order gives the same
result: A + B = B + A. The order doesn’t
matter in vector addition.

+ A

=

c

A

=

(c) We can also add two vectors by placing them
tail to tail and constructing a parallelogram.

Figure 1.11 Adding vectors that are (a)
parallel and (b) antiparallel.

(a) Only when vectors A and B are parallel
does the magnitude of their vector sum C equal
the sum of their magnitudes: C = A + B.

(b) When A and B are antiparallel, the
magnitude of their vector sum C equals the

difference of their magnitudes: C = |A — B|.
X -
C=A+B B
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If we make the displacements A and Bin reverse order, with B first and A second, the
result is the same (Fig. 1.10b). Thus

a
=11
+
b

(1.3)

This shows that the order of terms in a vector sum doesn’t matter. In other words, vector
addition obeys the commutative law.

Figure 1.10¢ shows another way to represent the vector sum: If we draw vectors A
and B with thelr tails at the same point, vector C is the diagonal of a parallelogram con-
structed with A and B as two adjacent sides.

CAUTION Magnitudes in vector addition It’s a common error to conclude that if C=A +§
then magnitude C equals magnitude A plus magnitude B. In general, this conclusion is wrong; for
the vectors shown in Fig. 1.10, C < A + B. The magnitude of A +B depends on the magnitudes
of A and B and on the angle between A and B. Only in the special case in Wthh A and B are par-
allel is the magnitude of C=A+B equal to the sum of the magnitudes of A and B (Fig. 1.11a).
When the vectors are antiparallel (Fig. 1.11b), the magnitude of c equals the difference of the mag-
nitudes of A and B. Be careful to distinguish between scalar and vector quantities, and you’ll avoid
making errors about the magnitude of a vector sum.

Figure 1.12a shows three vectors A B and C. To find the vector sum of all three, in
Fig. 1.12b we first add A and B to give a vector sum D we then add vectors C and D by
the same process to obtain the vector sum R:

N

B) +

-

R=(A+ C=D+C

é]ternativel}g we can first add B and 6‘ to obtain vector E (Fig. 1.12¢), and then add A and
E to obtain R:

— —

A+ (B

R= +C)=A+E
We don’t even need to draw vectors D and E ; all we need to do is draw Z, l_§, and_)Z‘ in suc-
cession, with the tail of each at the head of the one preceding it. The sum vector R extends
from the tail of the first vector to the head of the last vector (Fig. 1.12d). The order makes
no difference; Fig. 1.12e shows a different order, and you should try others. Vector addi-
tion obeys the associative law.

We can subtract vectors as well as add them. To see how, recall that vector —A has the
same magmtude as A but the opposite direction. We define the difference A — B of two
vectors A and B to be the vector sum of A and — B:

A-B=A+(-B) (1.4)

Figure 1.13 shows an example of vector subtraction.

Figure 1.12 Several constructions for finding the vector sum A+B+C.

(a) To find the sum of
these three vectors ...

(b) ...

add Aand B
to get D and then add

(d) .or dddA B, and
Cto get R directly ...

(c) ... or add Band C

o (g) ..oradd A, B, and
to get E and then add

C in any other order and

Cto D to get the final EtoAtogetR .. still get R.
sum (resultant) R ...
¢ R R R - .
N = R - R
A D / A E / A / =
i3 r ¢ ' ¢ ' ¢ ?oAl
= = —_— c
B B B



Figure 1.13 To construct the vector difference A- ﬁ, you can either place the tail of —B at the

Subtracting B fromA ... ... is equivalent to adding —BtoA.
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T—w’“

head of A or place the two vectors A and B head to head.
i / - i . 7« iz A+
. —— _ ~——

Wlth A and —B head to tail,
A- B is the vector from the
tail of A to the head of —B.

A vector quantity such as a displacement can be multiplied by a scalar quantity (an
ordinary number). The displacement 24 is a displacement (vector quantity) in the same
direction as vector A but twice as long; this is the same as adding A to itself (Fig. 1.14a).
In general, when we multiply a vector A by a scalar c, the result cA has magnitude \c’A
(the absolute value of ¢ multiplied by the magnitude of vector A) If ¢ is positive, CA i is in
the same direction as A if ¢ is negative, cA is in the direction opposite to A. Thus 34 is
parallel to A while —34 is antiparallel to A (Fig. 1.14b).

A scalar used to multiply a vector can also be a physical quantity. For example,
you may be familiar with the relationship F = ma; the net force F (a vector quantity)
that acts on an object is equal to the product of the object’s mass m (a scalar quan-
tlty) and its acceleration @ (a vector quantity). The direction of F is the same as that
of a because m is posmve and the magnitude of Fis equal to the mass m multiplied
by the magnitude of a. The unit of force is the unit of mass multiplied by the unit
of acceleration.

EXAMPLE 1.5 Adding two vectors at right angles

-

- B

II
NI
& |
=~
2|

With 51 and B head to head,
A—B 1s the vector f1'91n the
tail of A to the tail of B.

Figure 1.14 Multiplying a vector by a scalar.

(a) Multiplying a vector by a positive scalar
changes the magnitude (length) of the vector
but not its direction.

=

_A>

-

2A

.,

24 is twice as long as A

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

-

A
—

34

A

-«

—3A is three times as long as A and points”
in the opposite direction.

A cross-country skier skis 1.00 km north and then 2.00 km east on a
horizontal snowfield. How far and in what direction is she from the

Figure 1.15 The vector diagram, drawn to scale, for a ski trip.

starting point?

IDENTIFY and SET UP The problem involves combining two displace-
ments at right angles to each other. This vector addition amounts to
solving a right triangle, so we can use the Pythagorean theorem and
trigonometry. The target variables are the skier’s straight-line distance
and direction from her starting point. Figure 1.15 is a scale diagram of
the two displacements and the resultant net displacement. We denote the
direction from the starting point by the angle ¢ (the Greek letter phi).
The displacement appears to be a bit more than 2 km. Measuring the

angle with a protractor indicates that ¢ is about 63°. 0

EXECUTE The distance from the starting point to the ending point is
equal to the length of the hypotenuse:

V/(1.00 km)2 + (2.00 km)2 = 2.24 km

A little trigonometry (from Appendix D) allows us to find angle ¢:

2.00 km
Adjacent side  1.00 km
¢ = arctan 2.00 = 63.4°

Opposite side

tan p = = 2.00

We can describe the direction as 63.4° east of north or

0° — 63.4° = 26.6° north of east.

EVALUATE Our answers (2.24 km and ¢ = 63.4°) are close to our pre-
dictions. In Section 1.8 we’ll learn how to easily add two vectors not at
right angles to each other.

KEYCONCEPT In every problem involving vector addition, draw the
two vectors being added as well as the vector sum. The head-to-tail ar-
rangement shown in Figs. 1.10a and 1.10b is easiest. This will help you
to visualize the vectors and understand the direction of the vector sum.
Drawing the vectors is equally important for problems involving vector
subtraction (see Fig. 1.13).
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Figure 1.16 Representing a vector Ain
terms of its components A, and A,.

-+ The components of A
are the projections
of the vector onto

the x- and y-axes.

0 A, = Acosf«- .

In this case, both A, and A, are positive.

Figure 1.17 The components of a vector
may be positive or negative numbers.

(a) y

.+ B, is positive.

Both components of C are negative.

TEST YOUR UNDERSTANDING OF SECTION 1.7 Two displacement vectors, S and T, have
magnitudes § = 3 mand T = 4 m. Which of the following could be the magnitude of the differ-
ence vector S — T? (There may be more than one correct answer.) (i) 9 m; (i) 7 m; (iii) 5 m; (iv) 1 m;
(v) Om; (vi) —1 m.
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EX:) COMPONENTS OF VECTORS

In Section 1.7 we added vectors by using a scale diagram and properties of right triangles.
But calculations with right triangles work only when the two vectors are perpendicular.
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 vector A we begin with a rectangular
(Cartesian) coordlnate system of axes (Fig. 1.16). If we think of Aasa displacement vec-
tor, we can regard A as the sum of a displacement parallel to the x-axis and a displacement
parallel to the y-axis. We use the numbers A, and A, to tell us how much displacement
there is parallel to the x-axis and how much there is parallel to the y-axis, respectively.
For example, if the +x-axis points east and the +y-axis points north, A in Fig. 1.16 could
be the sum of a 2.00 m displacement to the east and a 1.00 m displacement to the north.
Then A, = +2.00 m and A, = +1.00 m. We can use the same idea for any vectors, not
just displacement vectors. The two numbers A, and A, are called the components of A.

CAUTION Components are not vectors The components A, and A, of a vector A are numbers;
they are not vectors themselves. This is why we print the symbols for components in lightface italic
type with no arrow on top instead of in boldface italic with an arrow, which is reserved for vectors.

We can calculate the components of vector A if we know its magnitude A and its
direction. We’ll describe the direction of a vector by its angle relative to some refer- o
ence direction. In Fig. 1.16 this reference direction is the positive x-axis, and the angle
lletween vector A and the positive x-axis is 6 (the Greek letter theta). Imagine that vector
A originally lies along the +x-axis and that you then rotate it to its true direction, as indi-
cated by the arrow in Fig. 1.16 on the arc for angle 6. If this rotation is from the +x-axis
toward the +y-axis, as is the case in Fig. 1.16, then 6 is positive; if the rotation is from the
+x-axis toward the —y-axis, then 6 is negative. Thus the +y-axis is at an angle of 90°, the
—x-axis at 180°, and the —y-axis at 270° (or —90°). If 6 is measured in this way, then from
the definition of the trigonometric functions,

Ax A}’ .

— = cosf and — = ginf

A A (1.5)
A, = Acosb and A, = Asin6

(6 measured from the +x-axis, rotating toward the +y-axis)

In Fig. 1.16 A, and A, are positive. This is consistent with Egs. (1.5); 6 is in the first
quadrant (between 0° and 90°), and both the cosine and the sine of an angle in this quad-
rant are positive. But in Fig. 1.17a the component B, is negative and the component B,
is positive. (If the +x-axis points east and the +y-axis points 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 the +y-direction, B, = —2.00 m is negative and B, = +1.00 m is positive.) Again,
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this is consistent with Egs. (1.5); now 0 is in the second quadrant, so cos 6 is negative and
sin 6 is positive. In Fig. 1.17b both C, and C, are negative (both cos 6 and sin 6 are negative

in the third quadrant).

CAUTION Relating a vector’s magnitude and direction to its components Equations (1.5) are
correct only when the angle 6 is measured from the positive x-axis. If the angle of the vector is
given from a different reference direction or you use a different rotation direction, the relationships

are different! Example 1.6 illustrates this point.

EXAMPLE 1.6 Finding components

(a) What are the x- and y-components of vector D in Fig. 1.18a? The
magnitude of the vector is D = 3.00 m, and angle a = 45°. (b) What
are the x- and y-components of vector E in Fig. 1.18b? The magnitude
of the vector is E = 4.50 m, and angle 8 = 37.0°.

IDENTIFY and SET UP We can use Egs. (1.5) to find the components of
these vectors, but we must be careful: Neither angle « nor 8 in Fig. 1.18
is measured from the +x-axis toward the +y-axis. We estimate from the
figure that the lengths of both components in part (a) are roughly 2 m,
and that those in part (b) are 3 m and 4 m. The figure indicates the signs
of the components.

Figure 1.18 Calculating the x- and y-components of vectors.

(a) Angle « is (b)
measured in the
y wrong sense from
the +x-axis, so in
Egs. (1.5) we
must use —a.

Dy (+) E, (1)

Angle S is measured from the
+y-axis, not from the +x-axis.

o

A
O+
B .,
. A
E /

/ . X

// ‘We must use 6,
which is measured from
the +x-axis toward the
+y-axis, in Egs. (1.5).

EXECUTE (a) The angle « (the Greek letter alpha) between the positive
x-axis and D is measured toward the negative y-axis. The angle we
must use in Egs. (1.5)is § = —a = —45°. We then find

D, = Dcos = (3.00 m)(cos(—45°)) = +2.1m
Dy = Dsin® = (3.00 m)(sin(—45°)) = —2.1m

Had we carelessly substituted +45° for 6 in Egs. (1.5), our result for D,
would have had the wrong sign.

(b) The x- and y-axes in Fig. 1.18b are at right angles, so it doesn’t
matter that they aren’t horizontal and vertical, respectively. But we
can’t use the angle B (the Greek letter beta) in Eqgs. (1.5), because
B is measured from the +y-axis. Instead, we must use the angle
60 = 90.0° — B = 90.0° — 37.0° = 53.0°. Then we find

E, = Ec0s53.0° = (450 m)(c0s53.0°) = +2.71 m
E, = Esin53.0° = (4.50 m)(sin53.0°) = +3.59m

EVALUATE Our answers to both parts are close to our predictions.
But why do the answers in part (a) correctly have only two significant
figures?

KEYCONCEPT When you are finding the components of a vector,
always use a diagram of the vector and the coordinate axes to guide
your calculations.

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 direc-
tion, multiplying a vector by a scalar, and calculating the vector sum of two or more

vectors.

1. Finding a vector’s magnitude and direction from its components. We can de-
scribe a vector completely by giving either its magnitude and direction or its x- and
y-components. Equations (1.5) show how to find the components if we know the
magnitude and direction. We can also reverse the process: We can find the magni-
tude and direction if we know the components. By applying the Pythagorean theo-

rem to Fig. 1.16, we find that the magnitude of vector A is

A= VA + A}

(1.6)

(We always take the positive root.) Equation (1.6) is valid for any choice of x-axis
and y-axis, as long as they are mutually perpendicular. The expression for the vector
direction comes from the definition of the tangent of an angle. If 6 is measured from
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Figure 1.19 Drawing a sketch of a vector

reveals the signs of its x- and y-components.

A,
Suppose that tanf = A; = +1. What is 6?
X

Two angles have tangents of +1: 45° and 225°.
The diagram shows that 6 must be 225°.

y

B
ajb
II
|
[\S)
8

Figure 1.20 Finding the vector sum
(resultant) of A and B using components.

y R is the vector sum
| (resultant) of A and B.

The components of R are the sums
of the components of A and B:

R,=A,+B, R, =A +B,

Figure 1.21 A vector in three dimensions.

In three dimensions, a vector has
X-, y-, and z-components.

The magnitude of vector A

isA=VAZ+A? + A2,

the positive x-axis, and a positive angle is measured toward the positive y-axis (as in
Fig. 1.16), then
A, A,
and 0 = arctan— (1.7)
Ay Ay
We’ll always use the notation arctan for the inverse tangent function (see Example
1.5 in Section 1.7). The notation tan™ ' is also commonly used, and your calculator
may have an INV or 2ND button to be used with the TAN button.

tanf =

CAUTION Finding the direction of a vector from its components There’s one complica-
tion in using Eqgs. (1.7) to find #: Any two angles that differ by 180° have the same tangent.
For example, in Fig. 1.19 the tangent of the angle 6 is tanf = Ay/Ax = +1. A calculator will
tell you that = tan~'(+1) = 45° But the tangent of 180° + 45° = 225° is also equal to
+1, so 0 could also be 225° (which is actually the case in Fig. 1.19). Always draw a sketch
like Fig. 1.19 to determine which of the two possibilities is correct.

- Multiplying a vector by a scalar. If we multiply a vector A by a scalar ¢, each compo-

nent of the product D = cAis the product of ¢ and the corresponding component of A:

D, = cA,, D, = cA, (components of D= c;i) (1.8)

For example, Eqs. (1.8) say that each component of the vector 24 is twice as great as
the corresponding component of A, so 24 is in the same direction as A but has twice
the magnitude. Each component of the vector —3A is three times as great as the cor-
responding component of A but has the opposite sign, so —3A isin the opposite direc-
tion from A and has three times the magnitude. Hence Eqs. (1.8) are consistent with
our discussion in Section 1.7 of multiplying a vector by a scalar (see Fig. 1.14).

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

Figure 1.20 shows two vectors A and B and their vector sum R along with the x- and
y-components of all three vectors. The x-component R, of the vector sum is simply the
sum (A, + B,) of the x-components of the vectors being added. The same is true for
the y-components. In symbols,

Each  component of R A +B.

R = A + B Ry fk\‘y + P) (1.9)

... is the sum of lhe Corresponding components of A and B.

Figure 1.20 shows this result for the case in which the components Ay, A,, By, and
By are all positive. Draw additional diagrams to verify for yourself that Eqs (1 9) are
Vahd for any signs of the components of A and B.

If we know the components of any two vectors A and B , perhaps by using Egs.
(1.5), we can compute the components of the vector sum R. Then if we need the
magnitude and direction of R we can obtain them from Eqgs. (1.6) and (1.7) with the
A’s replaced by R’s.

We can use the same Erocedure to find the sum of any number of vectors. If Ris
the vector sum of A B C.D,E,...,the components of R are

W =A + B+ Co+ D+ E + -

_ » (1.10)
R,=A, +B,+C, + D, +E, + -

We have talked about vectors that lie in the xy-plane only, but the compo-
nent method works just as well for vectors having any direction in space. We can
introduce a z-axis perpendicular to the xy-plane; then in general a vector A has com-
ponents Ay, A, and A; in the three coordinate directions. Its magnitude A is

A= VA + A} + A? (1.11)

Again, we always take the positive root (Fig. 1.21). Also, Egs. (1.10) for the vector
sum R have a third component:

R,=A,+B,+C,+D,+E, + ---
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We've focused on adding displacement vectors, but the method is applicable 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 STRATEGY 1.3 Vector Addition

IDENTIFY the relevant concepts: Decide what the target variable is. It
may be the magnitude of the vector sum, the direction, or both.

SET UP the problem: Sketch the vectors being added, along with suit-
able coordinate axes. Place the tail of the first vector at the origin of
the coordinates, place the tail of the second vector at the head of the
first vector, and so on. Draw the vector sum R from the tail of the first
vector (at the origin) to the head of the last vector. Use your sketch to
estimate the magnitude and direction of R. Select the equations you’ll
need: Egs. (1.5) to obtain the components of the vectors given, if neces-
sary, Egs. (1.10) to obtain the components of the vector sum, Eq. (1.11)
to obtain its magnitude, and Eqs. (1.7) to obtain its direction.

EXECUTE the solution as follows:

1. Find the x- and y-components of each individual vector and
record your results in a table, as in Example 1.7 below. If a vector
is described by a magnitude A and an angle 6, measured from the
+x-axis toward the +y-axis, then its components are given by
Egs. (1.5):

A, = Acosf A, = Asin®

If the angles of the vectors are given in some other way, perhaps
using a different reference direction, convert them to angles mea-
sured from the +x-axis as in Example 1.6.

2. Add the individual x-components algebraically (including signs)
to find R,, the x-component of the vector sum. Do the same for
the y-components to find R,. See Example 1.7.

3. Calculate the magnitude R and direction 6 of the vector sum by
using Egs. (1.6) and (1.7):

R=VR?+ R}

EVALUATE your answer: Confirm that your results for the magnitude
and direction of the vector sum agree with the estimates you made
from your sketch. The value of # that you find with a calculator may
be off by 180° your drawing will indicate the correct value. (See
Example 1.7 below for an illustration of this.)

R,
6 = arctan—
X

EXAMPLE 1.7 Using components to add vectors

wiTH VARIATION PROBLEMS

Three players on a reality TV show are brought to the center of a
large, flat field. Each is given a meter stick, a compass, a calculator, a
shovel, and (in a different order for each contestant) the following three
displacements:

A:72.4 m, 32.0° east of north
B:573 m, 36.0° south of west
C: 17.8 m due south

The three displacements lead to the point in the field where the keys to
a new Porsche are buried. Two players start measuring immediately,
but the winner first calculates where to go. What does she calculate?

IDENTIFY and SET UP The goal is to find the sum (resultant) of the
three displacements, so this is a problem in vector addition. See
Fig. 1.22. We have chosen the +x-axis as east and the +y-axis as north.
We estimate from the diagram that the vector sum R is about 10 m, 40°
west of north (so 6 is about 90° plus 40°, or about 130°).

EXECUTE The angles of the vectors, measured from the +x-axis toward
the +y-axis, are (90.0° — 32.0°) = 58.0° (180.0° + 36.0°) = 216.0°,
and 270.0°%, respectively. We may now use Egs. (1.5) to find the compo-
nents of A:

A, = Acosfy = (72.4 m)(cos58.0°) = 38.37 m
A, = Asinf, = (72.4m)(sin58.0°) = 61.40 m

We’ve kept an extra significant figure in the components; we’ll round to
the correct number of significant figures at the end of our calculation.
The table at right shows the components of all the displacements, the
addition of the components, and the other calculations from Egs. (1.6)
and (1.7).

E, and C and the

Figure 1.22 Three successive displacements aj
+ C.

resultant (vector sum) displacement R = A +

A,
B

y (north)

x (east)

Distance Angle x-component y-component
A=T724m 58.0° 38.37 m 61.40 m
B =573m 216.0° —46.36 m —33.68 m
C=178m 270.0° 0.00 m —17.80 m
R, = —7.99m R, =992m
R=V(-799m? + (9.92m)’ = 127 m
9.92
= arctanim = —51°
—7.99 m Continued
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Comparing to angle 6 in Fig. 1.22 shows that the calculated angle is KEYCONCEPT When you are adding vectors, the x-component of
clearly off by 180°. The correct value is § = 180° + (—=51°) = 129°, the vector sum is equal to the sum of the x-components of the vectors

or 39° west of north.

EVALUATE Our calculated answers for R and 6 agree with our esti-

being added, and likewise for the y-component. Always use a diagram
to help determine the direction of the vector sum.

mates. Notice how drawing the diagram in Fig. 1.22 made it easy to
avoid a 180° error in the direction of the vector sum.

Figure 1.23 (a) The unit vectors 7 and J.
(b) Expressing a vector A in terms of its
components.

(a)

Unit vectors Z and ] point in the

Each has a magnitude of 1.

Terrnnnpaees®

,
y We can express a vector A in
| terms of its components as

Figure 1.24 The unit vectors Z, ],
and k.

Unit vectors 7, f and k point in the
directions of the positive x-, y-, and
z-axes. Each has a magnitude of 1.

directions of the positive x- and y-axes.

TEST Y9UR UNDERSTANDING OF%S ECTION 1.8 Two vectors A and IZI lie in the xy-plane.
(a) Can A hgve the same magnitude as B but different components? (b) Can A have the same com-
ponents as B but a different magnitude?

ANSWER "OpNIIUSRW QWIES AU} ABY ISNW OS PUB (F = V)
10100A WIES A} I8 K3 ‘IOASMOY ‘S1UdUOdIOD JWILS Ay} ALY A3Y) J] SUONIAIP JUIAIP Ul jurod
Koy J1 syuouodwod JUSISHIP ING SPMITUSEW JWIELS Y} 9ABY ULD g PUB | SI0)03A ou (q) ‘Sak (&) |

EX:J UNIT VECTORS

A unit vector is a vector that has a magnitude of 1, with no units. Its only purpose 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’ll always include a caret, or
“hat” (*), in the symbol for a unit vector to distinguish it from ordinary vectors whose
magnitude may or may not be equal to 1.

In an xy-coordinate system we can define a unit vector  that points in the direction
of the positive x-axis and a unit vector ] that points in the direction of the positive y-axis
(Fig. 1.23a). Then we can write a vector A in terms of its components as

A=AT+A)] (1.12)

Equation (1.12) is a vector equation; each term, such as flxi, is a vector quantity (Fig. 1.23b).
Using unit vectors, we can express the vector sum R of two vectors A and B as follows:

(1.13)

Equation (1.13) restates the content of Egs. (1.9) in the form of a single vector equation
rather than two component equations.

If not all of the vectors lie in the xy-plane, then we need a third component. We in-
troduce a third unit vector k that points in the direction of the positive z-axis (Fig. 1.24).
Then Eqgs. (1.12) and (1.13) become

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

A=AJ+Aj+Ak
R (1.14)
B =B+ B+ Bk:

... and unit vectors Z, J, and k.

A

(A, + B)i+ (A, + B))] + (A, + B,k
0+ R+ Rk (1.15)

R
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Given the two displacements

D = (6.007 + 3.00j — 1.00k) m and

From Eq. (1.11) the magnitude of Fis

N ! . = VF2+F}+F?
= (4.007 — 5.007 + 8.00k) m
L — 2 2 — 2
find the magnitude of the displacement 2D — E. \/(8'00 m)” + (11.00m)” + (=10.00 m)

IDENTIFY and SET UP We are to multiply vector D by 2 (a scalar) and 16.9m
subtract vector E from the result, so as to obtain the vector F=2D - E.
Equation (1.8) says that to multiply D by 2, we multiply each of its
components by 2. We can use Eq. (1.15) to do the subtraction; recall
from Section 1.7 that subtracting a vector is the same as adding the neg-

ative of that vector.
EXECUTE We have
F = 2(6.007 +3.00] — 1.00k) m — (4.007 —5.007 + 8.00k) m
= [(12.00 — 4.00)7 + (6.00 + 5.00) 7 + (—2.00 — 8.00)k] m
= (8.007 + 11.00] — 10.00k) m

EVALUATE Our answer is of the same order of magnitude as the larger
components that appear in the sum. We wouldn’t expect our answer to
be much larger than this, but it could be much smaller.

KEYCONCEPT By using unit vectors, you can write a single equa-
tion for vector addition that incorporates the x-, y-

, and z-components.

TEST YOUR UNDERSTANDING OF SECTION 1.9 Arrange the following vectors in order of
their magmtude with the vector of largest magnitude first. (i) A = 31+ 5] — 2k) m;
(i) B = (= 3l+5]—2k)m (111)C—(3z—5]—2k)m (iv)D = (31+5]+2k)

ANSWER W79 = WREN = My + WET+ WA =
[(WzE) + (WweF) + (WeF)A=a=0=4d=V
:opmiruSew swes
9y} 9ABY JNQ SUONIIIP JUAIAYIP Ul jutod (7 Pue ‘) ‘g ‘Y SI0J09A dpNJIuSewt dwies 3y) dAey [[V |

ERL) PRODUCTS OF VECTORS

We saw how vector addition develops naturally from the problem of combining displace-
ments. It will prove useful for calculations with many other vector quantities. We can also
express many physical relationships by using products of 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 product, yields a result
that is a scalar quantity. The second, the vector product, yields another vector.

Scalar Product

We denote the scalar product of two vectors A and B by A B. Because of this notation,
the scalar product is also called the dot product. Although A and B are vectors, the quan-
tity A - Bis ascalar.

To define the scalar product A + B we draw the two vectors A and B with their tails at the
same point (Fig. 1.25a). The angle ¢ (the Greek letter phi) between their directions ranges
from 0° to 180°. Figure 1.25b shows the projection of vector B onto the direction of A this
projection is the component of B in the direction of A and is equal to Bcos ¢. (We can take
components along any direction that’s convenient, not just the x- and y-axes.) We define
A - B to be the magnitude of A multiplied by the component of B in the direction of A or

Scalar (dot) product Maﬂmtudes of
of vectom A and B RRTTET A and B

A-B= ABcos¢ ]AHB\cosq,’) (1.16)

Angle between A and B when placed Idl] to tail

Figure 1.25 Calculating the scalar product
of two vectors, A - B = ABcos ¢.

(a) .
B . .
Place the vectors tail to tail.

e

'\

(b)A - B equals A(B cos ¢).

(Magnitude of A) X Component ofé
in direction of A

= A
B/
|

() A - B also equals B(A cos ¢).

(Magnitude of B) X (Component of K)

~ in direction of B

Acosd/ ~
B ~

d) N

|
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Figure 1.26 The scalar product

A - B = ABcos ¢ can be positive,
negative, or zero, depending on the
angle between A and B.

(a)

If ¢ is between

-

| AN
B/ |\ 0°and90°, A-B
| is positive ...
d’r—“ -
—— A

... because B cos ¢ > 0.

If (bjs between 90° and 180°,
A - B is negative ...

!

LL— A
\_\/

... because B cos ¢ < 0.

() If ¢ = 90° A-B =0

because B has zero component
in the direction of A.
¢ = 90°

e A

Alternatively, we can define A B to be the magnitude of J B multiplied by the compo-
nent of A in the direction of B, as in Fig. 1.25c. Hence A - B = B(Acos¢) = ABcos o,
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. When ¢ is between 0° and 90°, cos¢ > 0 and the scalar product is positive
(Fig. 1.26a). When ¢ is between 90° and 180° so cos¢ < 0, the component of B in the
direction of Ais negative, and A-B is negative (Fig. 1.26b). Finally, when ¢ = 90°,
AB=0 (Fig. 1.26¢). The scalar product of two perpendicular vectors is always zero.

For any two vectors A and B ABcos¢ = BAcos¢. This means that A-B=B-A.
The scalar product obeys the commutative law of multiplication; the order of the two vec-
tors 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 calculating electric
potential to determining the effects that varying magnetic fields have on electric circuits.

Using Components to Calculate the Scalar Product

We can calculate the scalar product A-B directly if we know the x-, y-, and z-components
of A and B. To see how this is done, let’s first work out the scalar products of the unit
vectors Z, ], and k. All unit vectors have magnitude 1 and are perpendicular to each other.
Using Eq. (1.16), we find

ivi=7j=kk=(1)(1)cos0° = 1

~ (1.17)
=7k =(1)(1)cos90° = 0

~> =~
. .
>~

2.}:

Now we express A and B in terms of their components, expand the product, and use these
products of unit vectors:

k (1.18)

= ABi-1+ ABI-] + AB.ik

A~
A

+ AB,j+1 + AB,J-] + AB. ]k

A

B.k-k

+ ABk-1+ ABk-j + AB,
From Egs. (1.17) you can see that six of these nine terms are zero. The three that sur-
vive give

Scalar (dot) product

of vectors A and B Components of A

e .
A*B=A + AB, + A.B (1.19)

Componcnts of B

Thus the scalar product of two vectors is the sum of the products of their respective
components.

The scalar product gives a straightforward way to find the angle ¢ between any two
vectors A and B whose components are known. In this case we can use Eq. (1.19) to find
the scalar product of A and B. Example 1.10 shows how to do this.



EXAMPLE 1.9 Calculating a scalar product
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wiTH VARIATION PROBLEMS

Find the scalar product A - B of the two vectors in Fig. 1.27. The mag-
nitudes of the vectors are A = 4.00 and B = 5.00.

IDENTIFY and SET UP We can calculate the scalar product in two
ways: using the magnitudes of the vectors and the angle between them
(Eq. 1.16) and using the components of the vectors (Eq. 1.19). We’ll do
it both ways, and the results will check each other.

Figure 1.27 Two vectors A and B in two dimensions.

y

-

EXECUTE The angle between the two vectors A and B is
¢ = 130.0° — 53.0° = 77.0° so Eq. (1.16) gives us

A-B = ABcos¢ = (4.00)(5.00) cos77.0° = 4.50

To use Eq. (1. 19) we must first find the components of the vectors. The
angles of A and B are given with respect to the +x-axis and are measured
in the sense from the +x-axis to the +y-axis, so we can use Egs. (1.5):
A, = (4.00) cos53.0° = 2.407
A, = (4.00) sin53.0° = 3.195
= (5.00) cos 130.0° = —3.214
= (5.00) sin 130.0° = 3.830
As in Example 1.7, we keep an extra significant figure in the compo-
nents and round at the end. Equation (1.19) now gives us
A-B =AB, + AB, + AB.

= (2407)(—3214) + (3.195)(3.830) + (0)(0) = 4.50

EVALUATE Both methods give the same result, as they should.

KEYCONCEPT The scalar product A - B is a scalar (a number) that
equals the sum of the products of the x-components, y-components, and
z-components of A and B.

EXAMPLE 1.10 Finding an angle with the scalar product

wiTH VARIATION PROBLEMS

Find the angle between the vectors
A =2.007 + 3.007 + 1.00k

and R
B = —4.007 + 2.007 — 1.00k

IDENTIFY and SET UP We’re given the x-, y-, and z-components of two
vectors. Our target variable is the angle qb between them (Fig. 1.28).
To find this, we’ll solve Eq. (1.16), A - B = AB cos ¢, for ¢ in terms
of the scalar product A-B and the magnitudes A and B. We can use
Eq. (1.19) to evaluate the scalar product, A-B= AB, + AB, + AB,
and we can use Eq. (1.6) to find A and B.

EXECUTE We solve Eq. (1.16) for cos ¢ and use Eq. (1.19) to write A-B:
A-B AB, + ABy + A.B,
B AB

cosp =

We can use this formula to find the angle between any two vectors
A and B. Here we have A, = 2.00, A, = 3.00, and A, = 1.00, and
—4.00, By = 2.00, and B, = —1.00. Thus
A-B =AB, + AB, + AB,
(2.00)(—4.00) + (3.00)(2.00) +
= —=3.00
A=VAZ+ A+ A2 = V(2.00)?
= V14.00
B=\/B2+B] +B’

= V21.00

(1.00)(—1.00)

+ (3.00)% + (1.00)2

=V(=4.00)2 + (2.00)2 + (—1.00)2

Figure 1.28 Two vectors in three dimensions.

Y

A extends from origin

B extends from origin to near corner of red box.

to far corner of blue box. 3
%

AN

o AB, + AyBy + AB, —3.00 0.175
COS = = = —U.
AB V14.00 V/21.00

¢ = 100°

EVALUATE As a check on this result, note that the scalar product A-B
is negative. This means that ¢ is between 90° and 180° (see Fig. 1.26),
which agrees with our answer.

KEYCONCEPT You can find the angle ¢ between two vectors A and
B whose components are known by first finding their scalar product,
then using the equation A + B = ABcos ¢.
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Figure 1.29 The vector product of (a)
A X Band (b) B X A.

(a) Using the right-hand rule to find the

direction of A X B

®© ®C

Place A and B tail to tail. AXB

Point fingers of right hand _
along A, with palm facing B.

Curl fingers toward B.

Thumb points in _

A

direction of A X B. >
B

(b) Using the e right-hand rule to find the
direction of BX A = —A X B

(vector product is anticommutative)
Place B and A tail to A

tail.

©

@O ©

Point fingers of right
hand along B, with
palm facing A.

Curl fingers toward A. P BXA

Thumb points in direction of B X A.

B X A has same magnitude as AXB

but points in opposite direction.

Figure 1.30 Calculating the magnitude
ABsin ¢ of the vector product of two

vectors, A X B.

(a)

(Magnitude of A X B) equals A(B sing).

\

(Magnitude of Ay X (Comp(mem of B ﬂ)
A

perpendicular to

(Magnitude of A X B) also equals B(A sin¢).

(Magnitude of B) X (Comp()nem of A

perpendicular to

A sin¢g

|

W

Vector Product

We denote the vector product of two vectors A and B, also called the cross product, by
A X B. As the name suggests, the vector product is itself a vector. We’ll use this product
in Chapter 10 to describe torque and angular momentum; in Chapters 27 and 28 we’ll use
it to describe magnetic fields and forces. R R

To define the vector product A X B, we again draw the two vectors A and B with
their tails at the same point (Fig. 1.29a). The two vectors then lie in a plane. We define
the vector product to be a vector quantity with a direction perpendicular to this plane
(that is, perpendicular to both A and B) and a magnitude equal to ABsin¢. That is, if
C = A X B, then

Magnitude of vector (cross) product of vectors B and A

C AB smd)r (1.20)

Magnitudes of A and B+ g Angle bctwcun A and B
when placed tail to tail

We measure the angle ¢ from A toward B and take it to be the smaller of the two pos-
sible angles, so ¢ ranges from 0° to 180°. Then sin¢p = 0 and C in Eq. (1.20) is never
negative, as must be the case for a vector magnitude. Note that when A and B are parallel
or antiparallel, ¢ = 0° or 180° and C = 0. That is, the vector product of two parallel or
antiparallel vectors is always zero. In particular, the vector product of any vector with
itself is zero.

CAUTION Vector product vs. scalar product Don’t confuse the expression ABsin¢ for the
magnitude of the vector product A X B with the similar expression ABcos ¢ for the scalar prod-
uct A - B. _To see the difference between these two expressions, imagine that we vary the angle
between A and B while keeping their magnitudes constant. When A and B are parallel, the mag-
nitude of the vector product will be zero and the scalar product will be maximum. When A and B
are perpendicular, the magnitude of the vector product will be maximum and the scalar product
will be zero.

There are always two directions perpendicular to a given plane, one on each side of the
plane. We choose which of these is the direction of A X B as follows. Imagine rotating
vector A about the perpendicular line until Ais aligned with B choosing the smaller of
the two possible angles between A and B. Curl the fingers of your right hand around the
perpendicular line so that your fingertips point in the direction of rotation; your thumb
will then point in the direction of A X B. Figure 1.29a shows this right-hand rule and
describes a second way to think about this rule.

Similarly, we determine the direction of BxA _by rotating Binto A as in Fig. 1.29b.
The result is a vector that is opposite to the vector A X B. The vector product is not com-
mutative but instead is anticommutative: For any two vectors A and B

—

AXB=—-BXA (1.21)

Just as we did for the scalar product, we can give a geometrical interpretation of
the magnitude of the vector product. In Fig. 1. 303, Bsin¢ is the component of vector
B that is perpendicular to the direction of vector A. From Eq. (1. 20) the magnitude of
AXB equals the magnitude of A multiplied by the component of B that is perpendicu-
lar to A. Figure 1.30b shows that the magnitude of A X B also equals the magnitude
of B multiplied by the component of A that is perpendicular to B. Note that Fig. 1.30
shows the case in which ¢ is between 0° and 90°; draw a similar diagram for ¢ between
90° and 180° to show that the same geometrical interpretation of the magnitude of
AXB applies.
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Using Components to Calculate the Vector Product Figure 1.31 (a) We'll always use a
right-handed coordinate system, like

! A ) this one. (b) We’ll never use a left-
product by using a procedure similar to that for the scalar product. First we work out the handed coordinate system (in which

If we know the components of A and B, we can calculate the components of the vector

multiplication table for unit vectors Z, }, and k, all three of which are perpendicular to 1X ] = —k, and soon).
each other (Fig. 1.31a). The vector product of any vector with itself is zero, so

iIXi=jxj=kxk=0

j=k
k=i
The boldface zero is a reminder that each product is a zero vector—that is, one with all =
components equal to zero and an undefined direction. Using Egs. (1.20) and (1.21) and the
right-hand rule, we find -,
IX]=—-jX1=k
’]‘ X ]:7 — _]2 X j =1 (1.22) (b) A left-handed coordinate system;
we will not use these.
kxi1=—-1Xk=] y
I
You can verify these equations by referring to Fig. 1.31a. ] P
Next we express A and B in terms of their components and the corresponding unit vec- ~
tors, and we expand the expression for the vector product: 9 k
- - 2 ~
l X

AX B = (A +A,j+Ak)X (B,i +B,j + Bk)

= A0 X Byl + A X Bj + A X B.k
(1.23)
+ A X B.i + AyJX By] + Ay] X Bk

+ Ak X B3+ Ak X B,j+ Ak X Bk

We can also rewrite the individual terms in Eq. (1.23) as A7 X B,] = (A.B,)1 X ], and
so on. Evaluating these by using the multiplication table for the unit vectors in Egs. (1.22)
and then grouping the terms, we get

AXB=(A

yB, — A.B))1 + (A.B, — AB.)] + (AB, — A\B,)k  (1.24)

If you compare Eq. (1.24) with Eq. (I.14), you’ll see that the components of
C =AXBare

.~ Components of vector (cross) productA X B
C.=AB.—AB, C,=AB,—AB, C =AB —AB, (125

A, A.\ ,A, = components of A B,, B.\’ B, = components of B

With the axis system of Fig. 1.31a, if we reverse the direction of the z-axis, we get the
system shown in Fig. 1.31b. Then, as you may verify, the definition of the vector product
gives I X j = —k instead of 7 X ] = k. In fact, all vector products of unit vectors 1, J,
and k would have signs opposite to those in Egs. (1.22). So there are two kinds of coor-
dinate systems, which differ in the signs of the vector products of unit vectors. An axis
system in which 7 X ] = k, as in Fig. 1.31a, is called a right-handed system. The usual

practice is to use only right-handed systems, and we’ll follow that practice throughout
this book.

(a) A right-handed coordinate system
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EXAMPLE 1.11 Calculating a vector product

Vector A has magnitude 6 units and is in the direction of the +x-axis.
Vector B has magnitude 4 units and lies in the xy-plane, making an
angle of 30° with the +x-axis (Fig. 1.32). Find the vector product
C=AXB.

IDENTIFY and SET UP We’ll find the vector product in two ways, which
will provide a check of our calculations. First we’ll use Eq. (1.20) and
the right-hand rule; then we’ll use Egs. (1.25) to find the vector product
by using components.

Figure 1.32 Vectors A and B and their vector product C=AXB.
Vector B lies in the xy-plane.

y
B
0 ¢ = 30°
Z ~x

EXECUTE From Eq. (1.20) the magnitude of the vector product is

ABsing = (6)(4)(sin30°) = 12

By the right-hand rule, the direction of A x B is along the +z-axis (the
direction of the unit vector k) soC =AXB = 12k

To use Eqs. (1.25), we first determine the components of A and B.
Note that A points along the x-axis, so its only nonzero component is
A,. For B Fig. 1.32 shows that ¢ = 30° is measured from the +x-axis
toward the +y-axis, so we can use Egs. (1.5):

A, =6
B, = 4 co0s30° = 2V3
Then Eqgs. (1.25) yield

A, =0 A, =0
By = 45sin30° = 2

= (0)(0) = (0)(2) =0
(0)(2V3) = (6)(0) = 0
(6)(2) = (0)(2V73) =

Thus again we have C = 12k.

C,
G,
C,

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

KEYCONCEPT The vector product A X B of two vectors is a third
vector that is perpendicular to both A and B. You can find the vector
product either from the magnitudes of the two vectors, the angle be-
tween them, and the right-hand rule, or from the components of the two
vectors.

TEST YOUR UNDERSTANDING OF SECTION 1.10 Vector A has magnitude 2 and vector B
has magnitude 3. The angle ¢ between Aand B is (1) 0°, (ii) 90°, or (iii) 180°. For each of the
following situations, state what the value of ¢ must be. (In each situation there may be more

than one correct an_§wer;) (a) A-B = 0; (b) AXB= 0; (¢) A-B= 6; (d) AB= —6;

(e) (magnitude of A X B) =

ANSWER

6.

-Tenorpuadiad are gpuey g Auo [gy = ( gxyio opmiuSeuwr) |

sopmuSew oy Jo 3onpoxd aty 03 [enba st 1npoid 101994 oy Jo opmuSew Ay, (9) ‘[orerednue
a1 g pue y g1 Auo (gy— = q- V) sopmuSew 9y Jo jonpoid a3 Jo saneSou oy 03 [enba st
1onp01d m[taos L (p) p{[med ole gpweyj Auo (gy = q- V) sopmuSew 9y jo jonpoid
oy} 03 enba st jonpoad refeds oy, (:)) [a[lmeduue 10 Is[pzmd ore gpweyj AJUO 0197 S130n
-poid 103094 9y, (q) “renorpuadiad are gpuey g Aquo ooz st yonpoxd Te[eds oy, (v) .06 =P

(1 () %08L = ¢ (M) (P) 0 = ¢ (1) O) ,08L = ¢ (M) 10,0 = P (1) (9) ,06 = ¢ (1) (¥) |
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SUMMARY

Physical quantities and units: Three fundamental physical quantities are mass, length, and time. The
corresponding fundamental SI units are the kilogram, 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 figures: The accuracy of a measurement can Significant figures in magenta
be indicated by the number of significant figures or by
a stated uncertainty. The significant figures in the result - C__ 0424m _ ..,

of a calculation are determined by the rules summarized 2r 2(0.06750 m)

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.)

123.62 + 8.9 = 132.5

Scalars, vectors, and vector addition: Scalar quantities i+ B
are numbers and combine according to the usual rules A + B _ _/) 7 A
of arithmetic. Vector quantities have direction as well as —= =

magnitude and combine according 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 addition: Vectors can be Ry = A, + By

added by usm_g components of vectors. The x-component | R, = A, + B, (1.9)
of R = A + B is the sum of the Xx-components of A and B R, =A, + B,

and likewise for the y- and z-components. (See Examples 1.6

and 1.7.)

Unit vectors: Unit vectors describe directions in space. A A=Aj+ A+ A,fc (1.14)

unit vector has a Inagnitude of 1, with no units. The unit
vectors 7, ], and k, aligned with the x-, y-, and z-axes of a
rectangular coordinate system, are especially useful. (See
Example 1.8.)

‘B = ABcos¢p = \;{||§|cos¢ (1.16) Scalar product A - B = AB cos ¢
-B = AB, + AB, + A.B. (1.19)

Scalar product: The scalar product C = A - B of two
vectors A and B is a scalar quantity. It can be expressed
in terms of the magnitudes of A and B and the angle ¢
between the two vectors, or in terms of the components of ®
A and B. The scalar product is commutative; A-B =B-A.
The scalar product of two perpendicular vectors is zero.
(See Examples 1.9 and 1.10.)

A
A

=

|

Vector product: The vector product C = A X B of two € = Agamigy (220 AXBis perpendicular
vectors A and B is a third vector C. The magnitude of C, = AB, — AB, 4 x BA.to the plane of A and B.
AXB depends on the magnitudes of A and B and the C, = AB, — AB, (1.25)
angle ¢ between the two vectors. The direction of AXB C, = AB, — AB

is perpendicular to the plane of the two vectors being

multiplied, as given by the right-hand rule. The components B

of C A X B can be expressed in terms of the components (Magnitude of A X B) = AB sin¢
of A and B. The vector product is not commutative;

A X B = —B X A. The vector product of two parallel or

antiparallel vectors is zero. (See Example 1.11.)

$_>¢
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GUIDED PRACTICE

For assigned homework and other learning materials, go to Mastering Physics. E%"

Chapter 1 Media Assets E__. A "E

KEY EXAMPLE VARIATION PROBLEMS

Be sure to review EXAMPLE 1.7 (Section 1.8) before attempting these
problems.

VP1.7.1 Consider the three vectors Z ﬁ and C in Example 1.7.
If a fourth vector D is added to A + B + C the result 1§ Zero:
A+B+C+ D = 0. Find the magnitude and direction of D. State
the direction of D in terms of an angle measured counterclockwise from
the positive x-axis, and state in which quadrant this angle lies.

VP1.7.2 Consider the three vectors A B and C in Example 1.7.
Calculate the magnitude and direction of the vector S=A-B+C.
State the direction of § in terms of an angle measured counterclockwise
from the positive x-axis, and state in which quadrant this angle lies. (Hint:
The components of —B are just the negatives of the components of B. )
VP1.7.3 Consider the three vectors A B and C in _Example 1.7.
(a) Find the components of the vector T=A + B + 2C (b) Find the
magnitude and direction of T. State the direction of T in terms of an
angle measured counterclockwise from the positive x-axis, and state in
which quadrant this angle lies.

VP1.7.4 A hiker undergoes the displacement A shown in Example 1.7.
The hiker then undergoes a second displacement such that she ends up
38.0 m from her starting point, in a direction from her starting point
that is 37.0° west of north. Find the magnitude and direction of this
second displacement. State the direction in terms of an angle measured

BRIDGING PROBLEM Vectors on the Roof

counterclockwise from the positive x-axis, and state in which quadrant
this angle lies.

Be sure to review EXAMPLES 1.9 and 1.10 (Section 1.10) before
attempting these problems

VP1.10.1 Vector A has magnitude 5.00 and is at an angle of 36. 9°
south of east. Vector B has magnitude 6.40 and is at an angle of 20.0°
west of north. (a) Choose the positive x-direction to the east and the
positive y-direction to the north Fmd the components of A and B.
(b) Calculate the scalar product A-B.

VP1.10.2 Vector C has magnitude 6.50 and is at an angle of 55.0° mea-
sured counterclockwise from the +x-axis toward the +y-axis. Vector D
has components D, = +4.80 and D, = —38.40. (a) Calculate the scalar
product C-D. (b) Fmd the angle ¢ between the vectors € and D.
VP1.10.3 Vector A has components A, = —5.00, A, = 3.00,
and A, = 0. Vector B has components B, = 2.50, B, = 4.00, and
B, = —1.50. Find the angle between the two vectors. »

VP1.10.4 If a force F acts on an object as that object moves through
a displacement s, the work done by that force equals the scalar prod-
uct of F and 5: W= F+5. A certain object moves through displace-
ment § = (4.00m)Z + (5.00 m)j. As it moves it is acted on by force
1_5, which has x-component F, = —12.0N (1 N = 1 newton is the
SI unit of force). The work done by this force is 26.0 N-m = 26.0J
a1r=1 Joule = 1 newton-meter is the SI umt of work) (a) Find the y-
component of F. (b) Find the angle between Fands.

An air-conditioning unit is fastened to a roof that slopes at an angle of
35° above the horizontal (Fig. 1.33). Its weight is a force F 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 perpendicu-
lar to the roof cannot exceed 425 N. (One newton, or 1 N, is the SI unit
of force.) (a) 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 ledge. How much work does the weight force do on
the unit during its slide if the unit has the weight calculated in part (a)?
The work done by a force F on an object that undergoes a displacement
Sisw=F-

SOLUTION GUIDE

IDENTIFY and SET UP

1. This problem involves vectors and components. What are the
known quantities? Which aspect(s) of the weight vector (magnitude,
direction, and/or particular components) represent the target vari-
able for part (a)? Which aspect(s) must you know to solve part (b)?

2. Make a sketch based on Fig. 1.33. Draw the x- and y-axes,
choosing the positive direction for each. Your axes don’t have to
be horizontal and vertical, but they do have to be mutually per-
pendicular. Figure 1.33 shows a convenient choice of axes: The
x-axis is parallel to the slope of the roof.

3. Choose the equations you’ll use to determine the target variables.
EXECUTE

4. Use the relationship between the magnitude and direction of
a vector and its components to solve for the target variable in

Figure 1.33 An air-conditioning unit on a slanted roof.

part (a). Be careful: Is 35° the correct angle to use in the equa-
tion? (Hint: Check your sketch.)

5. Make sure your answer has the correct number of significant
figures.

6. Use the definition of the scalar product to solve for the target
variable in part (b). Again, use the correct number of significant
figures.

EVALUATE

7. Did your answer to part (a) include a vector component whose
absolute value is greater than the magnitude of the vector? Is
that possible?

8. There are two ways to find the scalar product of two vectors,
one of which you used to solve part (b). Check your answer by
repeating the calculation, using the other way. Do you get the
same answer?
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Problems 55

o, oo ooo: Difficulty levels. CP: Cumulative problems incorporating material from earlier chapters. CALC: Problems requiring calculus.
DATA: Problems involving real data, scientific evidence, experimental design, and/or statistical reasoning. BI0: Biosciences problems.

DISCUSSION QUESTIONS

Q1.1 How many correct experiments do we need to disprove a theory?
How many do we need to prove a theory? Explain.

Q1.2 Suppose you are asked to compute the tangent of 5.00 meters. Is
this possible? Why or why not?

Q1.3 A rather ordinary middle-aged woman is in the hospital for a rou-
tine checkup. The nurse writes “140” on the patient’s medical chart but
forgets to include the units. Which of these quantities could the 140 plau-
sibly represent: the patient’s mass in kilograms? her height in centimeters?
Q1.4 Several countries maintain accurate copies of the platinum-
irydium cylinder used as the international standard of kilogram up until
May 2019. The first batch of these copies, made in 1889, has on average
gained 25 ug per century, in spite of careful cleaning. Does this appar-
ent increase have any importance? Explain.

Q1.5 What physical phenomena (other than a pendulum or cesium
clock) could you use to define a time standard?

Q1.6 Describe how you could measure the thickness of a sheet of paper
with an ordinary ruler.

Q1.7 The quantity 77 = 3.14159 ... is a number with no dimensions,
since it is a ratio of two lengths. Describe two or three other geometrical
or physical quantities that are dimensionless.

Q1.8 What are the units of volume? Suppose another student tells
you that a cylinder of radius r and height / has volume given by wrh.
Explain why this cannot be right.

Q1.9 Three archers each fire four arrows at a target. Joe’s four arrows
hit points that are spread around in a region that goes 10 cm above,
10 cm below, 10 cm to the left, and 10 cm to the right of the center of
the target. All four of Moe’s arrows hit within 1 cm of a point 20 cm
from the center, and Flo’s four arrows hit within 1 cm of the center. The
contest judge says that one of the archers is precise but not accurate, an-
other archer is accurate but not precise, and the third archer is both ac-
curate and precise. Which description applies to which archer? Explain.
Q1.10 Is the vector (Z+ ]+ k) a unit vector? Is the vector
(3.0z — 2.07) a unit vector? Justify your answers.

Q1.11 A circular racetrack has a radius of 500 m. What is the displacement
of a bicyclist when she travels around the track from the north side to the
south side? When she makes one complete circle around the track? Explain.
Q1.12 Can you find two vectors with different lengths that have a vec-
tor sum of zero? What length restrictions are required for three vectors
to have a vector sum of zero? Explain.

Q1.13 The “direction of time” is said to proceed from past to future.
Does this mean that time is a vector quantity? Explain.

Q1.14 Air traffic controllers give instructions called “vectors” to tell
airline pilots in which direction they are to fly. If these are the only in-
structions given, is the name “vector” used correctly? Why or why not?
Q1.15 Can you find a vector quantity that has a magnitude of zero but
components that are not zero? Explain. Can the magnitude of a vector
be less than the magnitude of any of its components? Explain.

Q1.16 (a) Does it make sense to say that a vector is negative? Why?
(b) Does it make sense to say that one vector is the negative of another?
Why? Does your answer here contradict what you said in part (a)?
Q1.17 If C A + B what must be true about the directions and mag-
nitudes of A and B if C = A + B? What must be true about the direc-
tions and magnitudes of Aand Bif C = 0?

Q1.18 If A and B are nonzero vectors, is it possible for both A-Band
A X B to be zero? Explain.

Q1.19 What does A * X, the scalar product of a vector with itself, give?
‘What about X X X the vector product of a vector with itself?

Q1.20 Let A represent any nonzero vector. Why is A /A a unit vector,
and what is its direction? If 0 is the angle that A makes with the +x-
axis, explain why (A /A) « 1 is called the direction cosine for that axis.

Q1.21 Figure 1.6 shows the result of an unacceptable error in the stop-
ping position of a train. If a train travels 890 km from Berlin to Paris
and then overshoots the end of the track by 10.0 m, what is the percent
error in the total distance covered? Is it correct to write the total distance
covered by the train as 890,010 m? Explain.

Ql. 22 Which of the following are legitimate mathematical operations:

(a)A ( ) (b)(A B)XC(C)A (BXC) (d)AX(BXC)

(e) A X (B C)" In each case, give the reason for your answer.

Q1.23 Consider the vector products A X (B X C) and (A X B) x C.
Give an example that illustrates the general rule that these two vector
products do not have the same magnitude or direction. Can you choose
vectors A B and C such that these two vector products are equal? If so,
give an example.

Q1.24 Show that, no matter what A and B are, A * (X X E) = 0.
(Hint: Do not look for an elaborate mathematical proof. Consider the
definition of the direction of the cross product.)

Q1.25 (a) If A-B= 0, does it necessarily follow that A = 0 or
B = 0? Explain. (b) If AXB= 0, does it necessarily follow that
A = 0or B = 0?Explain.

Q1.26 If A = 0 for a vector in the xy-plane, does it follow that
Ay = —A,? What can you say about A, and A,?

EXERCISES

Section 1.3 Standards and Units

Section 1.4 Using and Converting Units

1.1 e How many years older will you be 1.00 gigasecond from now?
(Assume a 365-day year.)

1.2 ee You read in a brochure that Kensington Gardens, one of London’s
eight Royal Parks, covers an area of 265 acres. An acre is a British unit
widely used in land measurement in the UK (1 acre = 43,560 ft* and
1 £t =0.3048 m, see Appendix C). What is the area of Kensington Gardens
in square meters? in square kilometers? in hectares (a hectare is a unit of
area equal to 10,000 m? used in land measurement)?

1.3 ee How many nanoseconds does it take light to travel 0.3 m in vacuum?
1.4 ee The density of silver is 10.5 g/cm®. What is this value in kilo-
grams per cubic meter?

1.5 e In the ancient Roman Empire, large distances were measured
in miliarum. A miliarum was subdivided into 8 stadia, 1 stadium into
125 passus, 1 passus into 5 pes, 1 pes into 4 palmus, 1 palmus into
4 digitus. Knowing that 1 pes = 0.296 m, find the number of (a) meters
in 1.00 miliarum and (b) centimeters in 1.00 digitus.

1.6 e The speed limits in Ireland were changed from imperial (miles
per hour, mi/h) to metric (kilometers per hour, km/h) on 20 January
2005. Use 1 mi = 5280 ft and 1 ft = 30.48 cm to: (a) convert the for-
mer 30 mi/h speed limit for build-up areas to units of km/h and com-
pare this result with the new 50 km/h speed limit; (b) convert the new
120 km/h speed limit for motorways to units of mi/h and compare this
result with the old 70 mi/h speed limit.
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1.7 « Fuel consumption of a car is the amount of fuel used per unit
distance. It is customary to give fuel consumption in liters per 100 km
(L/100 km). For example, the 2019 Austin Mini Cooper has a fuel con-
sumption of 5.5 L/100 km, that is, it uses 5.5 liters of petrol per every
100 km driven. (a) If this car’s petrol tank holds 40 L, how many tanks
of petrol will you use to drive 1200 km? (b) You read in an English car
magazine that the classic 1964 Austin Mini Cooper has an average esti-
mated “mileage of 30.5 miles per gallon” (where 1 mile = 1.609 km is
a British unit of distance and 1 gallon (UK) =4.546 L is a British unit
of capacity, see Appendix C). Find the fuel consumption of this car and
compare it with the 2019 model.

1.8 e BIO (a) The recommended daily allowance (RDA) of the trace
metal magnesium is 410 mg/day for males. Express this quantity in
ug/day. (b) For adults, the RDA of the amino acid lysine is 12 mg per
kg of body weight. How many grams per day should a 77-kg adult re-
ceive? (c) A typical multivitamin tablet can contain 2.0 mg of vitamin
B, (riboflavin), and the RDA is 0.0030 g/day. How many such tablets
should a person take each day to get the proper amount of this vitamin,
if he gets none from other sources? (d) The RDA for the trace element
selenium is 0.000070 g/day. Express this dose in mg/day.

1.9 ee Neptunium. In the fall of 2002, scientists at Los Alamos
National Laboratory determined that the critical mass of neptunium-237
is about 60 kg. The critical mass of a fissionable material is the mini-
mum amount that must be brought together to start a nuclear chain reac-
tion. Neptunium-237 has a density of 19.5 g/cm®. What would be the
radius of a sphere of this material that has a critical mass?

1.10 ee BIO Bacteria. Bacteria vary in size, but a diameter of 2.0 um
is not unusual. What are the volume (in cubic centimeters) and sur-
face area (in square millimeters) of a spherical bacterium of that size?
(Consult Appendix D for relevant formulas.)

Section 1.5 Uncertainty and Significant Figures

1.11 e With a wooden ruler, you measure the length of a rectangular
piece of sheet metal to be 12 mm. With micrometer calipers, you mea-
sure the width of the rectangle to be 5.98 mm. Use the correct number
of significant figures: What are (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?

1.12 e The volume of a solid cylinder is given by V = 7r%h, where r is
the radius and / is the height. You measure the radius and height of a thin
cylindrical wire and obtain the results » = 0.036 cm and 2 = 12.1 cm.
What do your measurements give for the volume of the wire in mm??
Use the correct number of significant figures in your answer.

1.13 ee A useful and easy-to-remember approximate value for the
number of seconds in a year is 7= X 107. Determine the percent error in
this approximate value. (There are 365.24 days in one year.)

1.14 e Express each approximation of 77 to six significant figures: (a) 22/7
and (b) 355/113. (c) Are these approximations accurate to that precision?

Section 1.6 Estimates and Orders of Magnitude

1.15 e BIO Which of the values given below are plausible for an average
adult male giraffe: (a) height of 2 m or 5 m? (b) mass of 1500 kg or 5000
kg? (c) maximal speed of 15 m/s or 45 m/s?

1.16 e How many liters of petrol are used in Italy in one day? Assume
that there are two cars for every three people, that each car is driven an
average of 10,000 kilometers per year, and that the petrol consumption
of an average car is 8 liters per 100 kilometers. Assume that the popula-
tion of Italy is approximately 60 million.

1.17 o In Wagner’s opera Das Rheingold, the goddess Freia is ran-
somed for a pile of gold just tall enough and wide enough to hide her

from sight. Estimate the monetary value of this pile. The density of gold
is 19.3 g/cm?, and take its value to be about $40 per gram.

1.18 o BIO Four astronauts are in a spherical space station. (a) If, as
is typical, each of them breathes about 500 cm? of air with each breath,
approximately what volume of air (in cubic meters) do these astronauts
breathe in a year? (b) What would the diameter (in meters) of the space
station have to be to contain all this air?

1.19 e You are using water to dilute small amounts of chemicals in the
laboratory, drop by drop. How many drops of water are in a 1.0 L bottle?
(Hint: Start by estimating the diameter of a drop of water.)

1.20 * BIO How many times does a human heart beat during a person’s
lifetime? How many liters of blood does it pump? (Estimate that the heart
pumps 50 cm® of blood with each beat and assume a 365-day year.)

Section 1.7 Vectors and Vector Addition

1.21 ee A postal employee drives a delivery truck along the route
shown in Fig. E1.21. Determine the magnitude and direction of the
resultant displacement by drawing a scale diagram. (See also Exercise
1.28 for a different approach.)

Figure E1.21

2.6 km

START

1.22 ee For the vectors A and B
in Fig. E1.22, use a scale drawing
to find the magnitude and direction
of (a) the vector sum A + Band (b)
the vector difference A — B. Use
your answers to find the magnitude
and%direcﬁtion of (c) —A — B and
(d) B — A. (See also Exercise 1.29
for a different approach.)

Figure E1.22

D (10.0 m)

1.23 ee A spelunker is surveying )
a cave. She follows a passage 180

m straight west, then 210 m in a di- C (12.0 m) .

rection 45° east of south, and then A (8.00m)

280 m at 30° east of north. After a

fourth displacement, she finds her-

self back where she started. Use a scale drawing to determine the mag-
nitude and direction of the fourth displacement. (See also Problem 1.57
for a different approach.)

Section 1.8 Components of Vectors

1.24 ee Let 6 be the angle that the vector A makes with the +x-
axis, measured counterclockwise from that axis. Find angle 6 for a
vector that has these components: (a) A, = 2.00 m, A, = —1.00 m;
(b) A, =200m, A, =100m; (c) A, = —2.00m, A, = 1.00 m;
(d)A, = —2.00m, A, = —1.00 m. Lo
1.25 e Compute the x- and y-components of the vectors A, B, C, and
D in Fig. E1.22.



1.26 * Vector A is 1n the direction 40.0° clockwise from the —y-axis.
The x-component of Ais A, = —20.0 m. (a) What is the y-component
of A? (b) What i is the magnitude of A?

1.27 o Vector A has y-component A, = +13.0 m. A makes an angle
of 32.0° counterclockw1se from the +y ax1s (a) What is the x-compo-
nent of A? (b) What is the magnitude of A?

1.28 ee A postal employee drives a delivery truck over the route
shown in Fig. E1.21. Use the method of components to determine the
magnitude and direction of her resultant displacement. In a vector-
addition diagram (roughly to scale), show that the resultant displace-
ment found from your diagram is in qualitative agreement with the
result you obtained by using the method of components.

1.29 o For the vectors A and B in Fig. E1.22, use the method of
components to find the magnitude and direction of (a) the vector sum
A+ B; (b) the vector sum li + X; (c) the vector difference A- B;
(d) the vector difference B — A.

1.30 e Find the magnitude and direction of the vector represented by
the following pairs of components: (a) A, = —8.60 cm, A, = 5.20 cm;
bB)A, = =9.70m, A, = =245 m;(c) A, = 7.75km, A, = —2.70 km.
1.31 ee A disoriented physics professor drives 3.25 km north, then
2.20 km west, and then 1.50 km south. Find the magnitude and direc-
tion of the resultant displacement, using the method of components. In
a vector-addition diagram (roughly to scale), show that the resultant dis-
placement found from your diagram is in qualitative agreement with the
result you obtained by using the method of components.

1.32 e Vector A has magnitude 8.00 m and is in the xy-plane at an
angle of 127° counterclockwise from the +x—axis £37° past the +y-axis).
What are the magnitude and direction of vector B if the sum A + B is
in the —y-direction and has magnitude 12.0 m?

1.33 ee Vector A is 2.80 cm long and is 60.0° above the x-axis in the
first quadrant. Vector Bis 1.90 cm long and is 60.0° below the x-axis in
the fourth quadrant (Fig. E1.33). Use components to find the magnitude
and direction of (a) A+ B (b) A- B; (c) B — A.Tneach case, sketch
the vector addition or subtraction and show that your numerical answers
are in qualitative agreement with your sketch.

Figure E1.33
A (2.80 cm)

60.0°
o 60.0°

B (1.90 cm)

Section 1.9 Unit Vectors

1. 34 e In each case, find the x- and y- components of vector A:
(a) A= 3201 - 650], (b) . A= 18.2] — 7.91%; (c) A=-1200 +
21.27; (d)A = SOB where B = 87 — 47.

1.35 ee Write each vector in Fig. E1.22 in terms of the unit vectors
7and J.

1.36 ** Given two vectors A = 4.007 + 7. 007 and B =5.007 —
2.007, (a) find the magnitude of each vector; (b) use unit vectors to write
an expression for the vector difference A- B ; and (c) find the magni-
tude and d1rect10n of the vector difference A — B. (d) In a vector diagram
show A, B, and A — B, and show that your diagram agrees qualitatively
with your answer to part (c).

Problems 57

1.37 ee (a) Write each vector Figure E1.37
in Fig. E1.37 in terms of the unit y
vectors Z and J. (b) Use _unit vec-
tors to express vector C where
C = 3.00A — 4.00B. (c) Find the
magnitude and direction of C. 70.0°
1.38 ¢ You are given two vec-
tors A = —3.00] + 6.00] and 30.0° 0
B = 7.007 + 2. 00j. Let coun-
terclockwise angles be positive.
(a) What angle does A make w1th the
+x-axis? (b) What angle does B make with the +x-axis? (c) Vector C
is the sum of A and B soC =A + B. What angle does C make with
the +x-axis? R
1 39 ¢ Given two vectors A = —2.007 + 3.00] + 400k and
= 3.00z + 1.00] — 3. OOk (a) find the magnitude of each vector;
(b) use unit vectors to write an expression for the vector dlfference
A - B and (c) find the magnltude of the vector difference A — B. Is
this the same as the magnitude of B — A? Explain.

A (3.60 m)

B (24 m)

Section 1.10 Products of Vectors

1.40 ee (a) Find the scalar product of the vectors A and B given in
Exercise 1.36. (b) Find the angle between these two vectors.

1.41 e For the vectors A B and Cin Fig. E1.22, find the scalar prod-
ucts (a) A-B; () B - C; ©)A- C

1.42 ee Find the vector product AXB (expressed in unit vectors) of
the two vectors given in Exercise 1.36. What is the magnitude of the
vector product?

1.43 e Find the angle between each of these pairs of vectors:

(a) 4 = —2.007 + 6.00] and B = 2.00z — 3.00]

(b) A 3.007 + 5.00]  and B— 10.007 + 6.007

(c) A = —4.00z + 2.00] and B = 7.00i + 14. 007

1.44 e For the two vectors in Fig. E1.33, find the magnitude and di-
rection of (a) the vector product A X B ; (b) the vector product BXA.
1.45 o For the two vectors A and D in Fig. E1.22, find the magnitude
and dlrectlon of (a) the vector product A X D (b) the vector product
DXA.

1.46 e For the two vectors A and B in Fig. E1.37, find (a) the scalar
product A- B; (b) the magnitude and direction of the vector product
AXB

1.47 e The vector product of vectors A and B has magnitude 16.0 m?
and is in the +z-direction. If vector A has magnitude 8.0 m and is in the
—x-direction, what are the magnitude and direction of vector B if it has
no x-component?

1.48 ¢ The angle between two vectors is 6. (a) If 6 = 30.0°, which has
the greater magnitude: the scalar product or the vector product of the
two vectors? (b) For what value (or values) of 6 are the magnitudes of
the scalar product and the vector product equal?

PROBLEMS

1.49 ee White Dwarfs and Neutron Stars. Recall that density is mass
divided by volume, and consult Appendix D as needed. (a) Calculate the av-
erage density of the earth in g/cm3, assuming our planet is a perfect sphere.
(b) In about 5 billion years, at the end of its lifetime, our sun will end up as
a white dwarf that has about the same mass as it does now but is reduced
to about 15,000 km in diameter. What will be its density at that stage?
(c) A neutron star is the remnant of certain supernovae (explosions of giant
stars). Typically, neutron stars are about 20 km in diameter and have about
the same mass as our sun. What is a typical neutron star density in g/ cm’?
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1.50 ee The Hydrogen Maser. A maser is a laser-type device that
produces electromagnetic waves with frequencies in the microwave
and radio-wave bands of the electromagnetic spectrum. You can use the
radio waves generated by a hydrogen maser as a standard of frequency.
The frequency of these waves is 1,420,405,751.786 hertz. (A hertz is an-
other name for one cycle per second.) A clock controlled by a hydrogen
maser is off by only 1 s in 100,000 years. For the following questions,
use only three significant figures. (The large number of significant fig-
ures given for the frequency simply illustrates the remarkable accuracy
to which it has been measured.) (a) What is the time for one cycle of the
radio wave? (b) How many cycles occur in 1 h? (c) How many cycles
would have occurred during the age of the earth, which is estimated
to be 4.6 X 10° years? (d) By how many seconds would a hydrogen
maser clock be off after a time interval equal to the age of the earth?
1.51 ee An Earthlike Planet. In January 2006 astronomers reported
the discovery of a planet, comparable in size to the earth, orbiting an-
other star and having a mass about 5.5 times the earth’s mass. It is be-
lieved to consist of a mixture of rock and ice, similar to Neptune. If this
planet has the same density as Neptune (1.76 g/cm?®), what is its ra-
dius expressed (a) in kilometers and (b) as a multiple of earth’s radius?
Consult the back of the book for astronomical data.

1.52 eee A rectangular piece of aluminum is 7.60 £ 0.01 cm long
and 1.50 £ 0.01 cm wide. (a) Find the area of the rectangle and the
uncertainty in the area. (b) Verify that the fractional uncertainty in the
area is equal to the sum of the fractional uncertainties in the length and
in the width. (This is a general result.)

1.53 e BIO Estimate the number of atoms in your body. (Hint: Based
on what you know about biology and chemistry, what are the most
common types of atom in your body? What is the mass of each type of
atom? Appendix F gives the atomic masses of different elements, mea-
sured in atomic mass units; you can find the value of an atomic mass
unit, or 1 u, in Appendix B.)

1.54 e BIO Biological tissues are typically made up of 98% water. Given
that the density of water is 1.0 X 10° kg/ m?>, estimate the mass of (a) the
heart of an adult human; (b) a cell with a diameter of 0.5 wm; (c) a honeybee.
1.55 e Vector A = 3.07 — 4.0k. (a) Construct a unit vector that
is parallel to A. (b) Construct a unit vector that is antiparallel to A.
(c) Construct two unit vectors that are perpendicular to A and that have
no y-component.

1.56 e Three horizontal ropes pull on a large stone stuck in the
ground, producing the vector forces A, B, and C shown in Fig. P1.56.
Find the magnitude and direction of a fourth force on the stone that will
make the vector sum of the four forces zero.

Figure P1.56
R y
B (80.0N)
30.0° A (100.0 N)
30.0°
53.008/ |0
C (40.0N)

1.57 eee Ags noted in Exercise 1.23, a spelunker is surveying a cave.
She follows a passage 177 m straight west, then 215 m in a direction
45° east of south, and then 271 m at 30° east of north. After a fourth
displacement, she finds herself back where she started. Use the method
of components to determine the magnitude and direction of the fourth
displacement. Draw the vector-addition diagram and show that it is in
qualitative agreement with your numerical solution.

1.58 eee Emergency Landing. A plane leaves the airport in Galisteo
and flies 145 km at 68.0° east of north; then it changes direction to fly
250 km at 48.0° south of east, after which it makes an immediate emer-
gency landing in a pasture. When the airport sends out a rescue crew, in
which direction and how far should this crew fly to go directly to this plane?
1.59 ee A charged object with electric charge ¢ produces an electric
field. The SI unit for electric field is N/C, where N is the SI unit for
force and C is the SI unit for charge. If at point P there are electric fields
from two or more charged objects, then the resultant field is the vector
sum of the fields from each object. At point P the electric field l:fl from
charge g, is 450 N/C in the -y-direction, and the electric field E, from
charge g, is 600 N/C in the direction 36.9° from the —y-axis toward
the —x-axis. What are the magnitude and direction of the resultant field
E= El + Zi‘z at point P due to these two charges?

1.60 ee A sailor in a small sailboat encounters shifting winds. She
sails 2.00 km east, next 3.50 km southeast, and then an additional dis-
tance in an unknown direction. Her final position is 5.80 km directly
east of the starting point (Fig. P1.60). Find the magnitude and direction
of the third leg of the journey. Draw the vector-addition diagram and
show that it is in qualitative agreement with your numerical solution.

Figure P1.60

START FINISH

s H 5.80 kmﬂ

1.61 eee BIO Dislocated Shoulder. A patient with a dislocated shoulder
is put into a traction apparatus as shown in Fig. P1.61. The pulls A and B
have equal magnitudes and must combine to produce an outward traction
force of 5.52 N on the patient’s arm. How large should these pulls be?

Figure P1.61

Figure P1.62

1.62 eee On a training flight in
Switzerland, a student pilot flies from
Bern to Zurich, next to Lugano, and
then to Sion (Fig. P1.62). The direc-
tions are shown relative to north: 0°
is north, 90° is east, 180° is south, and
270° is west. Use the method of com-
ponents to find (a) the distance she has
to fly from Sion to get back to Bern,
and (b) the direction (relative to north)
she must fly to get there. Illustrate %
S

SWITZERLAND

124 km
282°

Sion

Lugano
your solutions with a vector diagram. E



1.63 ee You leave the airport in Wagga Wagga and fly 23.0 km in a
direction 34.0° south of east. You then fly 46.0 km due north. How far
and in what direction must you then fly to reach a private landing strip
that is 32.0 km due west of the Wagga Wagga airport?

1.64 eee Getting Back. An explorer in Antarctica leaves his shelter
during a whiteout. He takes 43 steps northeast, next 80 steps at 60°
north of west, and then 52 steps due south. Assume all of his steps are
equal in length. (a) Sketch, roughly to scale, the three vectors and their
resultant. (b) Save the explorer from becoming hopelessly lost by giving
him the displacement, calculated by using the method of components,
that will return him to his shelter.

1.65 ee As a test of orienteering skills, your physics class holds a con-
test in a large, open field. Each contestant is told to travel 20.8 m due
north from the starting point, then 38.0 m due east, and finally 18.0 m
in the direction 33.0° west of south. After the specified displacements,
a contestant will find a silver coin hidden under a rock. The winner is
the person who takes the shortest time to reach the location of the silver
coin. Remembering what you learned in class, you run on a straight line
from the starting point to the hidden coin. How far and in what direction
do you run?

1.66 e You are standing on a street corner with your friend. You then
travel 14.0 m due west across the street and into your apartment build-
ing. You travel in the lift 22.0 m upward to your floor, walk 12.0 m
north to the door of your apartment, and then walk 6.0 m due east to
your balcony that overlooks the street. Your friend is standing where
you left her. Now how far are you from your friend?

1.67 ee You are lost at night in a large, open field. Your GPS tells you
that you are 122.0 m from your car, in a direction 58.0° east of south.
You walk 72.0 m due west along a ditch. How much farther, and in what
direction, must you walk to reach your car?

1.68 eee You live in a town where the streets are straight but are in a
variety of directions. On Saturday you go from your apartment to the
grocery store by driving 0.60 km due north and then 1.40 km in the
direction 60.0° west of north. On Sunday you again travel from your
apartment to the same store but this time by driving 0.80 km in the
direction 50.0° north of west and then in a straight line to the store.
(a) How far is the store from your apartment? (b) On which day do you
travel the greater distance, and how much farther do you travel? Or, do
you travel the same distance on each route to the store?

1.69 ee While following a treasure map, you start at an old oak tree.
You first walk 825 m directly south, then turn and walk 1.25 km at 30.0°
west of north, and finally walk 1.00 km at 32.0° north of east, where
you find the treasure: a biography of Isaac Newton! (a) To return to the
old oak tree, in what direction should you head and how far will you
walk? Use components to solve this problem. (b) To see whether your
calculation in part (a) is reasonable, compare it with a graphical solution
drawn roughly to scale.

1.70 ee A fence post is 59.0 m from where you are standing, in a di-
rection 38.0° north of east. A second fence post is due south from you.
How far are you from the second post if the distance between the two
posts is 70.0 m?

1.71 e A dog in an open field runs 12.0 m east and then 28.0 m in a
direction 50.0° west of north. In what direction and how far must the
dog then run to end up 10.0 m south of her original starting point?

1.72 eee Ricardo and Jane are standing under a tree in the middle of
a pasture. An argument ensues, and they walk away in different direc-
tions. Ricardo walks 30.0 m in a direction 60.0° west of north. Jane
walks 15.0 m in a direction 30.0° south of west. They then stop and turn
to face each other. (a) What is the distance between them? (b) In what
direction should Ricardo walk to go directly toward Jane?

Problems 59

1.73 eee You are camping with Joe and Karl. Since all three of you like
your privacy, you don’t pitch your tents close together. Joe’s tent is 21.0 m
from yours, in the direction 23.0° south of east. Karl’s tent is 32.0 m from
yours, in the direction 37.0° north of east. What is the distance between
Karl’s tent and Joe’s tent?

1.74 e Bond Angle in Methane. In the methane molecule, CHy,
each hydrogen atom is at a corner of a regular tetrahedron with
the carbon atom at the center. In coordinates for which one of the
C—H bonds is in the direction of 1+ 7+ k an adjacent C—H
bond is in the 7 — ] — k direction. Calculate the angle between these
two bonds.

1.75 ee The work W done by a constant force F on an object that un-
dergoes displacement s from point 1 to point 2 is W = F-5.For Fin
newtons (N) and s in meters (m), Wis in joules (J). If, during a displace-
ment of the object, F has constant direction 60.0° above the —x-axis
and constant magnitude 5.00 N and if the displacement is 0.800 m in the
+x-direction, what is the work done by the force F?

1.76 ee Magnetic fields are produced by moving charges and exert
forces on movmg charges. When a_particle w1th charge ¢ is moving
with velocity U in a magnetic field B, the force F that the field exerts
on the particle is given by F= qu X B. The ST units are as follows: For
charge it is the coulomb (C), for magnetic field it is tesla (T), for force
it is newton (N), and for velocity it is m/s. If ¢ = —8.00 X 10°C, ¥
is 3.00 X 10* m/s in the +x-direction, and B is 5.00 T in the —y-direc-
tion, what are the magnitude and direction of the force that the magnetic
field exerts on the charged particle?

1.77 oo Vectors A and B have scalar product —7.00, and their vector
product has magnitude +9.00. What is the angle between these two vectors?
1.78 ee Torque is a vector quantity that specifies the effectiveness of
a force in causing the rotation of an object. The torque that a force F
exerts on a rigid object depends on the point where the force acts and on
the location of the axis of rotation. If 7 is the length vector from the axis
to the point of application of the force, then the torque is r X F.If Fis
22.0 N in the —y-direction and if 7 is in the xy-plane at an angle of 36°
from the +y-axis toward the —x-axis and has magnitude 4.0 m, what are
the magnitude and dlrectlon of the torque exerted by F?

1.79 e Vector A = ai — bk and vector B = —cj + dk (a) In
terms of the positive scalar quantities g, b, ¢, and d, what are A B and
A X B? (b) If ¢ = 0, what i is the magmtude of A+ B and what are the
magnitude and direction of A X B? Does your result for the direction
for A X B agree with the result you get if you sketch A and B in the
xz-plane and apply the rlght hand rule? The scalar product can be de-
scribed as the magnitude of B times the component of A thatis parallel
to B. Does this agree with your result? The magnitude of the vector
product can be described as the magnitude of B times the component
of A that is perpendicular to B. Does this agree with your result?

1.80 e Vectors A and B are in the e Xy- plane. Vector A is in the +x-
direction, and the direction of vector B is at an angle 0 from the +x-axis
measured toward the +y-axis. (a) If 6 is in the range 0° = 6 = 180°,
for what two values of 6 does the scalar product A - B have its maxi-
mum magnitude? For each of these values of 6, what is the magnitude
of the vector product A X B? (b) If 6 is in the range 0° = 60 = 180°,
for what value of 6 does the vector product A X B have its maximum
Value" For this value of #, what is the magnitude of the scalar product
A B" (c) What is the angle 6 in the range 0° =< 0 = 180° for which
A - B is twice |A XB|”

1.81 ee Vector A has magnitude 12.0 m, and vector B has magnitude
12.0 m. The scalar product A + B is 76.0 m. What is the magnitude of
the vector product between these two vectors?
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1.82 ee Vector A has magnitude 5.00 m and lies in the xy-plane in a
direction 53.0° from the +x-axis axis measured toward the +y-axis.
Vector B has magnitude 8.00 m and a direction you can adjust. (a) You
want the vector product A X B to have a positive z-component of the
largest possible magnitude. What direction should you select for vec-
tor B? (b) What is the direction of B for which A X B has the most
negative z-component? (c) What are the two directions of B for which
A X B is zero?

1.83 ee The scalar product of vectors A and B is +59.0 m2. Vector A
has magnitude 9.00 m and direction 28.0° west of south. If vector B has
direction 39.0° south of east, what is the magnitude of B?

1.84 eee Obtain a unit vector perpendicular to the two vectors given
in Exercise 1.39.

1.85 e You are given vectors A =500 -6. .57 and B = 3.51 — 7.0j.
A third vector, C lies in the xy-plane. Vector Cis perpendicular to vec-
tor A and the scalar product of ¢ C with B is 15.0. From this information,
find the components of vector C.

1.86 es Two vectors A and B _have magnitudes A = 3.00 and
B = 3.00. Their vector product is A X B = —5.00k + 2.007. What is
the angle between A and B?

1.87 eee DATA You are a team leader at a pharmaceutical company.
Several technicians are preparing samples, and you want to compare the
densities of the samples (density = mass/volume) by using the mass
and volume values they have reported. Unfortunately, you did not spec-
ify what units to use. The technicians used a variety of units in reporting
their values, as shown in the following table.

Sample ID Mass Volume

A 8.00 ¢ 1.67 X 107 m?
B 6.00 ug 9.38 X 10° um’®
c 8.00 mg 250 X 1073 em®
D 9.00 X 10™*kg 2.81 X 10° mm?®
E 9.00 X 10* ng 1.59 X 1072 mm?
F 6.00 X 1072 mg 125 X 10~* cm?

List the sample IDs in order of increasing density of the sample.

1.88 eee DATA You are a mechanical engineer working for a manu-
facturing company. Two forces, F1 and Fz, act on a component part of
a piece of equipment. Your boss asked you to find the magmtude of the
larger of these two forces. You can vary the angle between Fl and F2
from 0° to 90° while the magnitude of each force stays constant. And,
you can measure the magnitude of the resultant force they produce
(their vector sum), but you cannot directly measure the magnitude of
each separate force. You measure the magnitude of the resultant force
for four angles 6 between the directions of the two forces as follows:

0 Resultant force (N)
0.0° 8.00

45.0° 7.43

60.0° 7.00

90.0° 5.83

(a) What is the magnitude of the larger of the two forces? (b) When the
equipment is used on the production line, the angle between the two
forces is 30.0°. What is the magnitude of the resultant force in this case?

1.89 eee DATA Navigating in the Solar System. The Mars Polar
Lander spacecraft was launched on January 3, 1999. On December 3,
1999, the day Mars Polar Lander impacted the Martian surface at high
velocity and probably disintegrated, the positions of the earth and Mars
were given by these coordinates:

x y z
Earth 0.3182 AU 0.9329 AU —0.0000 AU
Mars 1.3087 AU —0.4423 AU —0.0414 AU

With these coordinates, the sun is at the origin and the earth’s orbit is
in the xy-plane. The earth passes through the +x-axis once a year on
the autumnal equinox, the first day of autumn in the northern hemi-
sphere (on or about September 22). One AU, or astronomical unit, is
equal to 1.496 X 108 km, the average distance from the earth to the
sun. (a) Draw the positions of the sun, the earth, and Mars on December 3,
1999. (b) Find these distances in AU on December 3, 1999: from (i) the
sun to the earth; (ii) the sun to Mars; (iii) the earth to Mars. (c) As seen
from the earth, what was the angle between the direction to the sun and
the direction to Mars on December 3, 19997 (d) Explain whether Mars
was visible from your current location at midnight on December 3,
1999. (When it is midnight, the sun is on the opposite side of the earth
from you.)

CHALLENGE PROBLEMS

1.90 eee Drone Delivery. You are testing parcel delivery by drone for
a project. Your team uses vector displacements to record the route of
the drone, with the origin taken to be the position of the control cen-
tre. During one test, the drone starts its flight at +10Z — 507, where
the units are meters, 1 is to the east, and J is to the north. Subsequent
displacements of the drone are +907 , +1107, —60z + 40j, and
+1207 + 180]. If the final destination of the drone is =707, how far and
in which direction must the drone fly? (You are well advised to diagram
the situation before solving this numerically.)

1.91 eee Navigating in the Big Dipper. All of the stars of the Big
Dipper (part of the constellation Ursa Major) may appear to be the
same distance from the earth, but in fact they are very far from each
other. Figure P1.91 shows the distances from the earth to each of
these stars. The distances are given in light-years (ly), the distance
that light travels in one year. One light-year equals 9.461 X 10> m
(a) Alkaid and Merak are 25.6° apart in the earth’s sky. In a diagram,
show the relative positions of Alkaid, Merak, and our sun. Find the
distance in light-years from Alkaid to Merak. (b) To an inhabitant of
a planet orbiting Merak, how many degrees apart in the sky would
Alkaid and our sun be?

Figure P1.91
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MCAT-STYLE PASSAGE PROBLEMS

BIO Calculating Lung Volume in Humans. In humans, oxygen and
carbon dioxide are exchanged in the blood within many small sacs
called alveoli in the lungs. Alveoli provide a large surface area for gas
exchange. Recent careful measurements show that the total number of
alveoli in a typical pair of lungs is about 480 X 10 and that the average
volume of a single alveolus is 4.2 X 10° p,m3. (The volume of a sphere
sV = %77}3, and the area of a sphere is A = 47772.)

1.92 What is total volume of the gas-exchanging region of the lungs?
(a) 2000 wm?; (b) 2 m>; (¢) 2.0 L; (d) 120 L.

1.93 If we assume that alveoli are spherical, what is the diameter of a
typical alveolus? (a) 0.20 mm; (b) 2 mm; (¢) 20 mm; (d) 200 mm.

1.94 Individuals vary considerably in total lung volume. Figure P1.94
shows the results of measuring the total lung volume and average al-
veolar volume of six individuals. From these data, what can you infer
about the relationship among alveolar size, total lung volume, and num-
ber of alveoli per individual? As the total volume of the lungs increases,

ANSWERS

Answers 61

(a) the number and volume of individual alveoli increase; (b) the num-
ber of alveoli increases and the volume of individual alveoli decreases;
(c) the volume of the individual alveoli remains constant and the num-
ber of alveoli increases; (d) both the number of alveoli and the volume
of individual alveoli remain constant.

Figure P1.94
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Chapter Opening Question ?

(iii) Take the +x-axis to point east and the +y-axis to point north.
Then we need to find the y-component of the velocity vector, which
has magnitude v = 15 km/h and is at an angle § = 37° measured
from the +x-axis toward the +y-axis. From Egs. (1.5) we have
v, = vsin# = (15km/h)sin37° = 9.0km/h. So the thunderstorm
moves 9.0 km north in 1 h and 18 km north in 2 h.

Key Example \/ARIATION Problems

VP1.7.1 D = 12.7m,60 = —51° = 309° (fourth quadrant)

VP1.7.2 S = 115m, 0 = 42° (first quadrant)

VP1.7.3 (a) T, = —7.99 m, T, = —788m (b) T = 11.2m, 0 = 225°
(third quadrant)

VP1.7.4 68.7 m, 0 = 207° (third quadrant)

VPL.10.1 (a) A, = 400, A, = -3.00, B, = —219, B,= 60l
(b)A-B =268

VP1.10.2 (a)C-D = —268 (b) ¢ = 115°

VP1.10.3 ¢ = 91°

VP1.10.4 (a) 14.8 N (b) 77.7°

Bridging Problem

(@ 52 X 10°N
(b) 45 X 10°N-m



ypical runner gains speed gradually
ring the course of a sprinting foot

d then slows down after crossing the
line. In which part of the motion is it
te to say that the runner is

rating? (i) During the race; (ii) after
ner crosses the finish line; (iii) both
(ii); (iv) neither (i) nor (ii); (v)
depends on how rapidly the runner
peed during the race.

Motion Along a Straight Line

LEARNING OUTCOMES

In this chapter, you'll learn...

2.1 How the ideas of displacement and aver-
age velocity help us describe straight-
line motion.

2.2 The meaning of instantaneous veloc-
ity; the difference between velocity and
speed.

2.3 How to use average acceleration and
instantaneous acceleration to describe
changes in velocity.

2.4 How to use equations and graphs to
solve problems that involve straight-line
motion with constant acceleration.

2.5 How to solve problems in which an ob-
ject is falling freely under the influence of
gravity alone.

2.6 How to analyze straight-line motion when
the acceleration is not constant.

You'll need to review...

1.7 The displacement vector.
1.8 Components of a vector.
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hat distance must an airliner travel down a runway before it reaches takeoff

speed? When you throw a ball straight up in the air, how high does it go? When

a glass slips from your hand, how much time do you have to catch it before it
hits the floor? These are the kinds of questions you’ll learn to answer in this chapter.
Mechanics is the study of the relationships among force, matter, and motion. In this chap-
ter and the next we’ll study kinematics, the part of mechanics that enables us to describe
motion. Later we’ll study dynamics, which helps us understand why objects move in dif-
ferent ways.

In this chapter we’ll concentrate on the simplest kind of motion: an object moving
along a straight line. To describe this motion, we introduce the physical quantities velocity
and acceleration. In physics these quantities have definitions that are more precise and
slightly different from the ones used in everyday language. Both velocity and accelera-
tion are vectors: As you learned in Chapter 1, this means that they have both magnitude
and direction. Our concern in this chapter is with motion along a straight line only, so we
won’t need the full mathematics of vectors just yet. But using vectors will be essential in
Chapter 3 when we consider motion in two or three dimensions.

We’ll develop simple equations to describe straight-line motion in the important spe-
cial case when acceleration is constant. An example is the motion of a freely falling ob-
ject. We'll also consider situations in which acceleration varies during the motion; in this
case, it’s necessary to use integration to describe the motion. (If you haven’t studied inte-
gration yet, Section 2.6 is optional.)

m DISPLACEMENT, TIME, AND AVERAGE VELOCITY

Suppose a drag racer drives her dragster along a straight track (Fig. 2.1). To study the
dragster’s motion, we need a coordinate system. We choose the x-axis to lie along the
dragster’s straight-line path, with the origin O at the starting line. 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 particle.

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 drag-
ster is at point P;, 19 m from the origin, and 4.0 s after the start it is at point P, 277 m
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Figure 2.1 Positions of a dragster at two times during its run.

Positionat?;, = 1.0s
START |

Positionatt, = 4.0s
FINISH

1
|
| Py ;
. e
Displacement from ¢, tot, |
[ R

X, = 2 / m
Ax = (x, — x;) =258 m =
: x-coordinate of
dragster at 4.0 s

*x-coordinate of
dragster at 1.0 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 Ax is positive and so is the average x-velocity:

of it. _ Ax _ 258m
Vavx T Ar T 308

= 86 m/s

from the origin. The displacement of the particle is a vector that points from P, to P, (see
Section 1.7). Figure 2.1 shows that this vector points along the x-axis. The x-component (see
Section 1.8) of the displacement is the change in the value of x, (277 m — 19 m) = 258 m,
that took place during the time interval of (4.0s — 1.0s) = 3.0 s. We define the drag-
ster’s average velocity during this time interval as a vector whose x-component is the
change in x divided by the time interval: (258 m)/(3.0 s) = 86 m/s.

In general, the average velocity depends on the particular time interval chosen. For a
3.0 s time interval before the 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 time #; the dragster is at point
P;, with coordinate x;, and at time #, it is at point P, with coordinate x,. The displace-
ment of the dragster during the time interval from # to %, is the vector from P; to P». The
x-component of the displacement, denoted Ax, is the change in the coordinate x:

Ax = x, — x (2.1)

The dragster moves along the x-axis only, so the y- and z-components of the displacement
are equal to zero.

The x-component of average velocity, or the average x-velocity, is the x-component of
displacement, Ax, divided by the time interval Az during which the displacement occurs.
We use the symbol v,,., for average x-velocity (the subscript “av” signifies average value,
and the subscript x indicates that this is the x-component):

Average x-velocity of a
particle in straight-line
motion during time
interval from ¢, to #,

x-component of the particle’s displacement

CLCLITICOI NI

A} i Final x-coordinate
Utnsr = 7 5= minus initial (2.2)
o At Lh—h x-coordinate
A A :
Time interval =~ Final time minus initial time
As an example, for the dragster in Fig. 2.1, x; = 19m, x, = 277 m, #; = 1.0 s, and

1 = 4.0s. So Eq. (2.2) gives

~277Tm —19m  258m 26

b = Y05~ 10s 305 S0ms
The average x-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 negative x-direction during a time interval, its average velocity for
that time interval is negative. For example, suppose an official’s truck moves to the left along
the track (Fig. 2.2, next page). The truckisatx; = 277 mat#; = 16.0 sandisatx, = 19 mat
tr = 25.0s. Then Ax = (19 m — 277 m) =258 m and Az = (25.0s — 16.0s) = 9.0s.
The x-component of average velocity is v,,., = Ax/At = (—258 m)/(9.0s) = —29 m/s.
Table 2.1 lists some simple rules for deciding whether the x-velocity is positive or negative.

CAUTION The meaning of Ax Note
that Ax is not the product of A and x; it is
a single symbol that means “the change in
quantity x.” We use the Greek capital letter
A (delta) to represent a change in a quan-
tity, equal to the final value of the quantity
minus the initial value—never the reverse.
Likewise, the time interval from ¢ to &
is At, the change in #: At = t, — #; (final
time minus initial time).

TABLE 2.1 Rules for the Sign of
x-Velocity

If x-coordinate is: ... x-velocity is:

Positive: Particle
is moving in
+x-direction

Positive & increasing
(getting more positive)

Negative: Particle
is moving in
—x-direction

Positive & decreasing
(getting less positive)

Positive: Particle
is moving in
+x-direction

Negative & increasing
(getting less negative)

Negative: Particle
is moving in
—x-direction

Negative & decreasing
(getting more negative)

Note: These rules apply to both the average
x-velocity v,,_, and the instantaneous x-velocity
v, (to be discussed in Section 2.2).



64 CHAPTER 2 Motion Along a Straight Line

Figure 2.2 Positions of an official’s truck
at two times during its motion. The points
Py and P, now indicate the positions of
the truck, not the dragster, and so are the
reverse of Fig. 2.1.

TABLE 2.2 Typical Velocity Magnitudes

A snail’s pace 1073 m/s
A brisk walk 2m/s
Fastest human 11 m/s
Motorway speed 30 m/s
Fastest car 341 m/s
Random motion of air 500 m/s

molecules
Fastest airplane 1000 m/s
Orbiting communications

satellite 3000 m/s
Average speed of an electron 5

in a hydrogen atom 2 X 10°m/s
Light traveling in vacuum 3 x 108 m/s

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

o

Positionatt, = 25.0's Positionatt; = 16.0's
START | ) él | FINISH
Py "® ® Pu
. 7
| ! Displacement from 7, to , !
| L x
o X =19m x; =277 m
| | =
f 1

Ax = (x, — x;) = —258m
: Y
This position is now x,. This position is now x;.
When the truck moves in the —x-direction, Ax is

negative and so is the average x-velocity:

_ Ax _ —258m _
avex At 9.0s

v —29 m/s

CAUTION The sign of average x-velocity In our example positive v,,., means motion to the right,
as in Fig. 2.1, and negative v,,., means motion to the left, as in Fig. 2.2. But that’s only because
we chose the +x-direction to be to the right. Had we chosen the +x-direction to be to the left, the
average x-velocity v,,., would have been negative for the dragster moving to the right and positive
for the truck moving to the left. In many problems the direction of the coordinate axis is yours to
choose. Once you’ve made your choice, you must take it into account when interpreting the signs of
U,y and other quantities that describe motion!

With straight-line motion we sometimes call Ax simply the displacement and v,,.,
simply the average velocity. But remember that these are the x-components of vector
quantities that, in this special case, have only x-components. In Chapter 3, displacement,
velocity, and acceleration vectors will have two or three nonzero components.

Figure 2.3 is a graph of the dragster’s position as a function of time—that is, an
x-t graph. The curve in the figure does not represent the dragster’s path; as Fig. 2.1
shows, the path is a straight line. Rather, the graph represents how the dragster’s position
changes with time. The points p; and p, on the graph correspond to the points P, and P,
along the dragster’s path. Line p;p, is the hypotenuse of a right triangle with vertical side
Ax = x, — x; and horizontal side At = t, — t;. The average x-velocity v,,., = Ax/At
of the dragster equals the slope of the line p;p,—that is, the ratio of the triangle’s verti-
cal side Ax to its horizontal side At. (The slope has units of meters divided by seconds,
or m/s, the correct units for average x-velocity.)

The average x-velocity depends on only the total displacement Ax = x, — x; that occurs
during the time interval At = t, — t;, not on what happens during the time interval. At
time #; a motorcycle might have raced past the dragster at point P; in Fig. 2.1, then slowed
down to pass through point P, at the same time #, as the dragster. Both vehicles have the
same displacement during the same time interval and so have the same average x-velocity.

If distance is given in meters and time in seconds, average velocity is measured in
meters per second, or m/s (Table 2.2). Other common units of velocity are kilome-
ters per hour (km/h), miles per hour (1 mi/h = 1.609 km/h), and knots (1 knot =
1 nautical mile/h = 1.852 km/h).

x (m) For a displacement along the x-axis, an object’s average x-velocity

v,,. €quals the slope of a line connecting the corresponding points
400 - . e :
Dragster track on a graph of position (x)
(not to scale) versus time (7).
300 - H
Y B e P2

1 ) |

&7

200 & |

& |

<z,<) | — _
S JAx = x, —x;
| oF R A L3 A
O - “-.. Slope = rise over run = S
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TEST YOUR UNDERSTANDING OF SECTION 2.1 Five cars, A, B, C, D, and E, each take

a trip that lasts one hour. The positive x-direction is to the east. (i) A travels 50 km due east. (ii)

B travels 50 km due west. (iii) C travels 60 km due east, then turns around and travels 10 km due
west. (iv) D travels 70 km due east. (v) E travels 20 km due west, then turns around and travels 20
km due east. (a) Rank the five trips in order of average x-velocity from most positive to most nega-
tive. (b) Which trips, if any, have the same average x-velocity? (c) For which trip, if any, is the aver-
age x-velocity equal to zero?

ANSWERS g/ur] 0+ = “*a aaey yroq (q) uy "0 = “*a
‘0= u QT + WY 07— = ¥V (&) ‘G/uwy{ 0L+ =" U QL+ = XV (AD ‘y/uy o5+ = *a

U 0S5+ = UD[ Q] — UD[ 09 = Xy (M) {[y/unf 05— = """ ‘ujog— = xy (1) 'y/uy 05+ = "
‘WY 0§+ = ¥V (D) ‘sdin [enpratput oy} 10 'Y [ = 1y ‘sdin oAy q[e 1o 1y /Xy = st

K11oo[aA-x d5eIaAE oY) (B) UT (A) :(9) (1) pue (1) :(q) () (A) ‘(1) (1) pue (1) ‘(A1) :(e) |

F¥J INSTANTANEOUS VELOCITY

Sometimes average velocity is all you need to know about a particle’s motion. For ex-
ample, a race along a straight line is really a competition to see whose average veloc-
ity, U,y.y, has the greatest magnitude. The prize goes to the competitor who can travel
the displacement Ax from the start to the finish line in the shortest time interval, Az
(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.

CAUTION How long is an instant? You 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 point P;, we move point
P, closer and closer to point P; and compute the average velocity v,,., = Ax/At over the
ever-shorter displacement and time interval. Both Ax and A¢ become very small, but their
ratio does not necessarily become small. In the language of calculus, the limit of Ax/At as
At approaches zero is called the derivative of x with respect to ¢ and is written dx/dt. We
use the symbol v,, with no “av” subscript, for the instantaneous velocity along the x-axis,
or the instantaneous x-velocity:

The instantaneous ----...... Ax dx
x-velocity of a particlein ™y = i — = —
A0 A dr

straight-line motion ...
... and equals the instantaneous rate of
change of the particle’s x-coordinate.

(2.3)

... equals the limit of the particle’s average
x-velocity as the time interval approaches zero ...

The time interval At is always positive, so v, has the same algebraic sign as Ax. A
positive value of v, means that x is increasing and the motion is in the positive x-direction;
a negative value of v, means that x is decreasing and the motion is in the negative x-
direction. An object can have positive x and negative v,, or the reverse; x tells us where the
object is, while v, 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 x-velocity v,,., also apply to the sign of instanta-
neous x-velocity 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 call v, simply the instantaneous velocity. (In Chapter 3 we’ll
deal with the general case in which the instantaneous velocity can have nonzero x-, y-, and
z-components.) When we use the term “velocity,” we’ll always mean instantaneous rather
than average velocity.
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Figure 2.4 The winner of a 50 m
swimming race is the swimmer whose
average velocity has the greatest
magnitude—that is, the swimmer who
traverses a displacement Ax of 50 m in the
shortest elapsed time At.

Figure 2.5 In any problem involving
straight-line motion, the choice of which
direction is positive and which is negative
is entirely up to you.

. A bicyclist moving to the left ...
B

o :
... has a negative x:velocity v, if we choose
the positive x-direction to the right ...

!
X x }

o

... but has a positive x-velocity v, if we
choose the positive x-direction to the left.
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“Velocity” and “speed” are used interchangeably in everyday language, but they have
distinct definitions in physics. We use the term speed to denote distance traveled divided
by time, on either an average or an instantaneous basis. Instantaneous speed, for which
we use the symbol v with no subscripts, measures how fast a particle is moving; instanta-
neous velocity measures how fast and in what direction it’s moving. Instantaneous speed
is the magnitude of instantaneous velocity and so can never be negative. For example, a
particle with instantaneous velocity v, = 25 m/s and a second particle with v, = —25 m/s
are moving in opposite directions at the same instantaneous speed 25 m/s.

CAUTION Average speed and average velocity Average speed is not the magnitude of average
velocity. When César Cielo set a world record in 2009 by swimming 100.0 m in 46.91 s, his average
speed was (100.0 m)/(46.91 s) = 2.132 m/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 average velocity!
Both average speed and instantaneous speed are scalars, not vectors, because these quantities con-
tain no information about direction.

EXAMPLE 2.1 Average and instantaneous velocities

A cheetah is crouched 20 m to the east of a vehicle (Fig. 2.6a). At (b) The average x-velocity during this interval is
Fime t = 0 the cheetah begins- to run d}le east tgward an antelope that X, —x 40m—25m 15m
is 50 m to the east of the vehicle. During the first 2.0 s of the chase, Uayox = P = 205 — 1.0s = 105 = 15m/s
the cheetah’s x-coordinate varies with time according to the equation 2 ! ’ ' '
x=20m + (5.0 m/s?)7%. (a) Find the cheetah’s displacement be- (¢) With Az = 0.1 s the time interval is from #; = 1.0s to a new
tween f; = 1.0s and » = 2.0s. (b) Find its average velocity during t, = 1.1 s. At t, the position is
that interval. (c) Find its instantaneous veloc1t.y atyy = 1.0 s by taking X, =20m + (5.0 m/sz)(l.l 5)2 = 26.05m
At = 0.1 s, then 0.01 s, then 0.001 s. (d) Derive an expression for the
cheetah’s instantaneous velocity as a function of time, and use it to find The average x-velocity during this 0.1 s interval is
veatr = 1.0sand ¢ = 2.0s. 26.05m — 25 m
vy = ————————— = 10.5m/s
IDENTIFY and SET UP Figure 2.6b shows our sketch of the cheetah’s Lls —1.0s
motion. We use Eq. (2-1) for displacemept, Eq. (2.2) for average veloc- Following this pattern, you can calculate the average x-velocities for
ity, and Eq. (2.3) for instantaneous velocity. 0.01 s and 0.001 s intervals: The results are 10.05 m/s and 10.005 m/s.
EXECUTE (a) At 7, = 1.0s and £, = 2.0s the cheetah’s positions As At gets smaller, the average x-velocity gets closer to 10.0 m/s, so we

conclude that the instantaneous x-velocity at t = 1.0 s is 10.0 m/s. (We

x; and x; are o o -
suspended the rules for significant-figure counting in these calculations.)

x; =20m + (5.0m/s?)(1.0s)% = 25m (d) From Eq. (2.3) the instantaneous x-velocity is v, = dx/dr. The
X =20m + (5.0 m/sz)(Z.O s)2 = 40m derivative of a constant is zero and the derivative of ¢2 is 2t, SO
dx d
The displacement during this 1.0 s interval is w= T [20m + (5.0 m/s?)¢?]

Ax=x—x=40m —25m = 15m 0 + (5.0 m/s?)(2r) = (10 m/s)

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

Lo NN ~ A

RS
i,r,i,:b

(a) The situation

Cheetah | -
Vehicle starts i Antelope
(b) Our sketch é . . ° T X (m)
X0=20 Xy=0 X527 50 m
=0 1,=10s 1,=20s
—— Ax=? —
Vovox =7
(c) Decisions @ Point axis in @ Place origin @ Mark initial @ Mark positions @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 positive.
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At 1 = 1.0, this yields v, = 10m/s, as we found in part (c); at ~ KEYCONCEPT To calculate the average velocity of an object in
t=20s,v, = 20m/s. straight-line motion, first find its displacement (final coordinate minus
initial coordinate) during a time interval. Then divide by the time inter-
val. To calculate the object’s instantaneous velocity (its average veloc-
ity over an infinitesimally short time interval), take the derivative of its
position with respect to time.

EVALUATE Our results show that the cheetah picked up speed from
t = 0 (when it was at rest) to t = 1.0s (v, = 10m/s) to t = 2.0
(v, = 20 m/s). This makes sense; the cheetah covered only 5 m during
the interval t = 0 to t = 1.0 s, but it covered 15 m during the interval
t=10stor =2.0s.

Finding Velocity on an x-t Graph

We can also find the x-velocity of a particle from the graph of its position as a function
of time. Suppose we want to find the x-velocity of the dragster in Fig. 2.1 at point P;. As
point P, in Fig. 2.1 approaches point P, point p; in the x-t graphs of Figs. 2.7a and 2.7b
approaches point p; and the average x-velocity is calculated over shorter time intervals Az.
In the limit that Ar — 0, shown in Fig. 2.7c, the slope of the line p;p, equals the slope of the
line tangent to the curve at point p;. 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 x-f curve slopes upward to the right, as in Fig. 2.7c, then its slope is
positive, the x-velocity is positive, and the motion is in the positive x-direction. If the tan-
gent slopes downward to the right, the slopes of the x-¢ graph and the x-velocity are negative,
and the motion is in the negative x-direction. When the tangent is horizontal, the slope and
the x-velocity are zero. Figure 2.8 illustrates these three possibilities.

Figure 2.7 Using an x- graph to go from (a), (b) average x-velocity to (c) instantaneous x-velocity v,. In (c) we find the slope of the tangent to the
x-t curve by dividing any vertical interval (with distance units) along the tangent by the corresponding horizontal interval (with time units).

(a) (b) (9
x (m) A x (m) ) x (m)
400 - 400 - 400 -
Ar=20s
300 Ay — 150m 300 - 300 o, = 146%”1 =
. 0s .
v - . c \oC‘\\J
200 200 200 40 m/s
100 - 100 100 160 m
Py
L—1(s) : ' ' Lf(s) —p—=—t 1 T [ 1(s)
o 1 2 3 4 5 (@) 1 2 3 4 5 o 1 2 3 4 5
As the average x-velocity v,,_, is calculated ... its value v,,_, = Ax/Ar approaches the The instantaneous x-velocity v, at any
over shorter and shorter time intervals ... instantaneous x-velocity. given point equals the slope of the tangent

to the x-7 curve at that point.

Figure 2.8 (a) The x-t graph of the motion of a particular particle. (b) A motion diagram showing the position and velocity of the particle at each
of the times labeled on the x- graph.

(a) x- graph (b) Particle’s motion
Slope zero: v, = 0 e o '
: ’ v | The particle is at x < 0 and moving
.. C t, =0 > X . . .
4 0 in +x-direction.
~Slope negative:
< v .
vy <0 ig g » x From 1, to tp it speeds up, ...
t , | v=0 ‘x ... and from t to # it slows down,
c 0 v then halts momentarily at 7.
; v e x From . to 1, it speeds up in
. y b 0 - —x-direction, ...
Slope positive: g U e x ... and from 7}, to 1 it slows down
v, >0 i 0 in —x-direction.

* On an x-f graph, the slope of the tangent at any point equals the particle’s velocity at that point.
* The steeper the slope (positive or negative), the greater the particle’s speed in the positive or negative x-direction.
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Figure 2.9 An x-r graph for a particle.

X

Q

Figure 2.8 depicts the motion of a particle in two ways: as (a) an x-¢ graph and (b) a
motion diagram that 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’ll use both x-¢ graphs and motion diagrams in this chapter to represent motion.
You'll find it helpful to draw both an 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 an x-f graph of the motion
of a particle. (a) Rank the values of the particle’s x-velocity v, at points P, Q, R, and S from most
positive to most negative. (b) At which points is v, positive? (c) At which points is v, negative? (d)
At which points is v, zero? (e) Rank the values of the particle’s speed at points P, Q, R, and S from
fastest to slowest.
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m AVERAGE AND INSTANTANEOUS ACCELERATION

Just as velocity describes the rate of change of position with time, acceleration 7
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 component is
along that line. In everyday language, acceleration refers only to speeding up; in physics,
acceleration refers to any kind of velocity change, so we say an object accelerates if it is
either speeding up or slowing down.

Average Acceleration

Let’s consider again a particle moving along the x-axis. Suppose that at time #, the particle
is at point P; and has x-component of (instantaneous) velocity vy, and at a later time #, it
is at point P, and has x-component of velocity v,,. So the x-component of velocity changes
by an amount Av, = v, — vy, during the time interval At = t, — t;. As the particle
moves from P; to P, its average acceleration is a vector quantity whose x-component
a,y. (called the average x-acceleration) equals Av,, the change in the x-component of
velocity, divided by the time interval Az

Average x-acceleration of Change in x-component of the particle’s velocity
a particle in straight-line_ 3

werene——

motion during time 2 Al;x Uy — Ul; Flpal x.—v-el'ocny
interval from 7, to 1, Aayx = At = ﬁ minus l'nlllal (2.4)
= 24 x-velocity
Time interval =" Final time minus initial time

For straight-line motion along the x-axis we’ll often call a,,., simply the average ac-
celeration. (We’ll encounter the other components of the average acceleration vector in
Chapter 3.)

If we express velocity in meters per second and time in seconds, then average accelera-
tion is in meters per second per second. This is usually written as m/s* and is read “meters
per second squared.”

CAUTION Don't confuse velocity and acceleration Velocity describes how an object’s posi-
tion changes with time; it tells us how fast and in what direction the object moves. Acceleration
describes how the velocity changes with time; it tells us how the speed and direction of motion
change. Another difference is that you can feel acceleration but you can’t feel velocity. If you're a
passenger in a car that 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.)
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An astronaut has left an orbiting spacecraft to test a new personal ma-
neuvering unit. As she moves along a straight line, her partner on the
spacecraft measures her velocity every 2.0 s, starting at time t = 1.0 s:

t o, |t v,
1.0s 0.8 m/s H 9.0s —0.4 m/s
30s  12m/s H 110s  —1.0m/s
505 16m/s | 1305 —l6m)s
7.0s 1.2 m/s H 15.0s —0.8 m/s

Find the average x-acceleration, and state whether the speed of the as-
tronaut increases or decreases over each of these 2.0 s time intervals:
@t =10story, =3.0s;(b)ty =50stot, =70s;()t; = 9.0sto
t, =11.0s;(d)f; = 13.0stor, = 15.0s.

IDENTIFY and SET UP We’ll use Eq. (2.4) to determine the average ac-
celeration a,,., from the change in velocity over each time interval. To
find the changes in speed, we’ll use the idea that speed v is the magni-
tude of the instantaneous velocity v,.

The upper part of Fig. 2.10 is our graph of the x-velocity as a func-
tion of time. On this v,-t graph, the slope of the line connecting the
endpoints of each interval is the average x-acceleration a,,., = Av,/At
for that interval. The four slopes (and thus the signs of the average ac-
celerations) are, from left to right, positive, negative, negative, and pos-
itive. The third and fourth slopes (and thus the average accelerations
themselves) have greater magnitude than the first and second.

EXECUTE Using Eq. (2.4), we find:

() dgye = (1.2m/s — 0.8 m/s)/(3.0s — 1.0s) = 0.2 m/s%. The
speed (magnitude of instantaneous x-velocity) increases from 0.8 m/s
to 1.2 m/s.

(b) dgyx = (12m/s — 1.6 m/s)/(7.0s — 5.0s) = —0.2 m/s>. The
speed decreases from 1.6 m/s to 1.2 m/s.

© Gayr = [—1.0m/s — (=0.4m/s)]/(11.0s —9.0s) =
The speed increases from 0.4 m/s to 1.0 m/s.

@ dgyx = [—0.8m/s — (—1.6 m/s)]/(15.0s — 13.0s) = 0.4 m/s>.
The speed decreases from 1.6 m/s to 0.8 m/s.

—0.3 m/s%

Figure 2.10 Our graphs of x-velocity versus time (top) and
average x-acceleration versus time (bottom) for the astronaut.
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I pair of points on the v, graph ... | |
aw~x(m/52) ... equals the average x-acceleration : :
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1 I S Lt (s
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In the lower part of Fig. 2.10, we graph the values of a,,._,.

EVALUATE The signs and relative magnitudes of the average accelera-
tions agree with our qualitative predictions.

Notice that when the average x-acceleration has the same alge-
braic sign as the initial velocity, as in intervals (a) and (c), the astronaut
goes faster. When a,,_, has the opposite algebraic sign from the initial
velocity, as in intervals (b) and (d), she slows down. Thus positive
x-acceleration means speeding up if the x-velocity is positive [interval
(a)] but slowing down if the x-velocity is negative [interval (d)]. Similarly,
negative x-acceleration means speeding up if the x-velocity is negative
[interval (c)] but slowing down if the x-velocity is positive [interval (b)].

KEYCONCEPT To calculate the average acceleration of an object
in straight-line motion, first find the change in its velocity (final veloc-
ity minus initial velocity) during a time interval. Then divide by the time
interval.

Instantaneous Acceleration

We can now define instantaneous acceleration by following the same procedure that
we used to define instantaneous velocity. Suppose a race car driver is driving along a
straightaway as shown in Fig. 2.11. To define the instantaneous acceleration at point Pj,
we take point P, 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 -----....., Av dv
x-acceleration of a particle *, a, = lim = X
in straight-line motion ..

... equals the limit of the particle’s 'average
x-acceleration as the time interval approaches zero ...

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

Speed v,
| e . x-velocity v,
L —

E'&o

e S

(2.5)

... and equals the instantaneous rate
of change of the particle’s x-velocity.

Speed v,
x-velocity v, ,
—

ol P, P,
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In Eq. (2.5) a, is the x-component of the acceleration vector, which we call the
instantaneous x-acceleration; in straight-line motion, all other components of this vector
are zero. From now on, when we use the term “acceleration,” we’ll always mean instanta-
neous acceleration, not average acceleration.

EXAMPLE 2.3 Average and instantaneous accelerations

Suppose the x-velocity v, of the car in Fig. 2.11 at any time ¢ is given by
the equation

v, = 60m/s + (0.50 m/s*)s

(a) Find the change in x-velocity of the car in the time interval; = 1.0 s
to , = 3.0 s. (b) Find the average x-acceleration in this time interval.
(c) Find the instantaneous x-acceleration at time #, = 1.0 s by taking
At to be first 0.1 s, then 0.01 s, then 0.001 s. (d) Derive an expression
for the instantaneous x-acceleration as a function of time, and use it to
finda,atr = 1.0sandt = 3.0s.

IDENTIFY and SET UP This example is analogous to Example 2.1 in
Section 2.2. In that example we found the average x-velocity from the
change in position over shorter and shorter time intervals, and we ob-
tained an expression for the instantaneous x-velocity by differentiating
the position as a function of time. In this example we have an exact
parallel. Using Eq. (2.4), we’ll find the average x-acceleration from
the change in x-velocity over a time interval. Likewise, using Eq. (2.5),
we’ll obtain an expression for the instantaneous x-acceleration by dif-
ferentiating the x-velocity as a function of time.

EXECUTE (a) Before we can apply Eq. (2.4), we must find the x-
velocity at each time from the given equation. At #{ = 1.0s and
t = 3.0 s, the velocities are

v = 60m/s + (0.50m/s*)(1.05)? = 60.5 m/s
Uy = 60m/s + (0.50 m/s*)(3.0s)% = 64.5m/s
The change in x-velocity Av, betweent; = 1.0sandt, = 3.0 s is
Av, = vy, — U, = 64.5m/s — 60.5m/s = 4.0 m/s
(b) The average x-acceleration during this time interval of duration
L — 1 =20sis

Aav-x =

Ve — U1 _ 40 m/s

= 2.0 m/s’
Hh—n 2.0s m/s

During this time interval the x-velocity and average x-acceleration have
the same algebraic sign (in this case, positive), and the car speeds up.

(¢) When Ar = 0.1's, we have ©, = 1.1s. Proceeding as before,
we find

Uy = 60m/s + (0.50 m/s*)(1.15)% = 60.605 m/s

Av, = 0.105 m/s
Av,  0.105m/s
== 2
v TN T 00s 05 m/s

You should follow this pattern to calculate a,,., for Az = 0.01s
and Ar = 0.001 s; the results are a,,., = 1.005 m/s2 and a,y., =
1.0005 m/ 2, respectively. As At gets smaller, the average x-acceleration
gets closer to 1.0 m/s?, so the instantancous x-acceleration at ¢ = 1.0's
is 1.0 m/s.

(d) By Eq. (2.5) the instantaneous x-acceleration is a, = dv,/dt.
The derivative of a constant is zero and the derivative of 72 is 21, so

dv d
a,= d—;‘ = 160 m/s + (0.50 m/s®)r? = (0.50 m/s®)(27) = (1.0 m/s*)z
Whent = 1.0s,
a, = (1.0m/s*)(1.0s) = 1.0 m/s’
Whent = 3.0s,

a, = (1.0m/s*)(3.0s) = 3.0 m/s’

EVALUATE Neither of the values we found in part (d) is equal to the
average x-acceleration found in part (b). That’s because the car’s instan-
taneous x-acceleration varies with time. The rate of change of accelera-
tion with time is sometimes called the “jerk.”

KEYCONCEPT To calculate an object’s instantaneous acceleration
(its average acceleration over an infinitesimally short time interval),
take the derivative of its velocity with respect to time.

Finding Acceleration on a v,-t Graph or an x-t Graph

In Section 2.2 we interpreted average and instantaneous x-velocity in terms of the slope
of a graph of position versus time. In the same way, we can interpret average and instan-
taneous x-acceleration by using a graph of instantaneous velocity v, versus time —that
is, a vt graph (Fig. 2.12). Points p; and p, on the graph correspond to points P, and P,
in Fig. 2.11. The average x-acceleration a,,., = Av,/At during this interval is the slope of

the line p;p,.

As point P, in Fig. 2.11 approaches point P;, point p, in the v,-t graph of Fig. 2.12 ap-
proaches point p;, and the slope of the line p;p, approaches the slope of the line tangent
to the curve at point py. Thus, on a graph of x-velocity as a function of time, the instanta-
neous 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.
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For a displacement along the x-axis, an object’s average x-acceleration
Ur  equals the slope of a line connecting the corresponding points on a

graph of x-velocity (v,) versus time (%).
P2
Upy bt = — —
i I
I
I
I
2 |
3 I —

|Av)c = Uy = Ul

K |
." v". I ~ . .
\OQ@ """ Ir ----- Slope of tangent to v,-f curve at a given point
p S | = instantaneous x-acceleration at that point.
1
I
Vig - —— @ e e —
— At =1, —1

I I ¢

o f t

CAUTION Signs of x-acceleration and x-velocity The algebraic sign of the x-acceleration does
not tell you whether an object is speeding up or slowing down. You must compare the signs of the
x-velocity and the x-acceleration. As we saw in Example 2.2, when v, and a, have the same sign, the
object is speeding up. When v, and a, have opposite signs, the object is slowing down. Table 2.3
summarizes these rules, and Fig. 2.13 illustrates some of them.

The term “deceleration” is sometimes used for a decrease in speed. Because it may
mean positive or negative a,, depending on the sign of v,, we avoid this term.

We can also learn about the acceleration of an object from a graph of its position versus
time. Because a, = dv,/dt and v, = dx/dt, we can write

dv, d(ﬂ) d*x 26
ay = —(— = | = 5 .
At dr\dr dr?

That is, a, is the second derivative of x with respect to . The second derivative of any
function is directly related to the concavity or curvature of the graph of that function
(Fig. 2.14, next page). At a point where the x-7 graph is concave up (curved upward), such
as point A or E in Fig. 2.14a, the x-acceleration is positive and v, is increasing. At a point
where the x-¢ graph is concave down (curved downward), such as point C in Fig. 2.14a,
the x-acceleration is negative and v, is decreasing. At a point where the x-# graph has no
curvature, such as the inflection points B and D in Fig. 2.14a, the x-acceleration is zero
and the velocity is not changing.

Examining the curvature of an x-t graph is an easy way to identify the sign of accel-
eration. This technique is less helpful for determining numerical values of acceleration
because the curvature of a graph is hard to measure accurately.

Figure 2.13 (a) The v,- graph of the motion of a different particle from that shown in Fig. 2.8. (b) A motion diagram showing

the position, velocity, and acceleration of the particle at each of the times labeled on the v,-¢ graph.

(a) vt graph (b) Particle’s motion

Uy

Slope zero: a, = 0 v &

oy c

* On a v,-t graph, the slope of the tangent at ;my point equals the particle’s acceleration at that point.

Figure 2.12 A v,-t graph of the motion in

Fig. 2.11.

TABLE 2.3 Rules for the Sign of

x-Acceleration

If x-velocity is:

... x-acceleration is:

Positive & increasing
(getting more positive)

Positive & decreasing
(getting less positive)

Negative & increasing
(getting less negative)

Negative & decreasing
(getting more negative)

Positive: Particle
is moving in
+x-direction &
speeding up

Negative: Particle
is moving in
+x-direction &
slowing down

Positive: Particle
is moving in
—x-direction &
slowing down

Negative: Particle
is moving in
—x-direction &
speeding up

Note: These rules apply to both the average
x-acceleration a,,_, and the instantaneous

x-acceleration a,.

Particle is moving in —x-direction (v, < 0), and
slowing down (v, and a, have opposite signs).

@ —
ol " Particle is instantaneously at rest (v, = 0),
B, \ ' v 0 x and about to move in +x-direction (a, > 0).
y t :

L ; = ka' " Particle is moving in +x-direction (v, > 0); its
- ° > X - .
Slope positive: c speed is instantaneously not changing (a, = 0).
a. >0
: a . P . —
Slope negative:  \ - Particle is mstdntdnAeouslyAdt reAst (v, = 0),
Ip ®— % and about to move in —x-direction (a, <0)
a, < 0 v=0 2, < 0).
a
/ v " Particle is moving in —x-direction (v, < 0), and
£ <

speeding up (v, and a, have the same sign).

* The steeper the slope (positive or negative), the greater the particle’s acceleration in the positive or negative x-direction.
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Figure 2.14 (a) The same x-¢ graph as shown in Fig. 2.8a. (b) A motion diagram showing the position, velocity, and acceleration of
the particle at each of the times labeled on the x-¢ graph.

(a) x-t graph
Slope zero: v, = 0

(b) Particle’s motion

Curvature downward: a, < 0 A ——_
: ) ’ e T Particle is at x < 0, moving in +x-direction
¥ c Slope(;legatlve: =0 > (I) x (v, > 0) and speeding up (v, and a, have the
- §0c < same sign).
i Curvature upward: 0 e, L . L
D a >0 P a =0 v * Particle is at x = 0, moving in +x-direction
Lo tp é »— x (v, > 0); speed is instantaneously not
B u changing (a, = 0).
0 T oy ¢ — 6 """" * Particle is at x > 0, instantaneously at rest
k Slope negative: v, < 0 te (I) ° x (v, = 0) and about to move in —x-direction
. Curvature zero:a, =0 (a, < 0).
Slope positive: v, > 0 | pa= ox « Particle is at x > 0, moving in —x-direction
A Curvature zero: a, = 0 Ip 0‘ x (v, < 0); speed is instantaneously not
/ v, changing (a, = 0).
- A e, S L L
Slope positive: v, > 0 v D Particle is at x > 0, moving in —x-direction
Curvature upward: a, > 0 v K4 e ‘-vJO"‘ x (v, < 0) and slowing down (v, and a, have

opposite signs).

* On an x-¢ graph, the curvature at any point tells you the particle’s acceleration at that point.
* The greater the curvature (positive or negative), the greater the particle’s acceleration in the positive or negative x-direction.

Figure 2.15 A motion diagram for a
particle moving in a straight line in the
positive x-direction with constant positive
x-acceleration a,.

.- If a particle moves in a

$ straight line with constant
a x-acceleration a, ...
| %
t=20 0‘> X
I ... the x-velocity changes
} by equal amounts in equal
I time intervals.
[ v, FRRENIEN
1= At ('); o> x
o 2
[
t = 2At ('); ; ‘ U: x
[ [ a
[ [ ;
f=3Ar L1 2 x
o ! \ [
[ [ [ a
[ [ [
v
1= 4Ar (') ——— ~—>" x

However, the position changes by different

amounts in equal time intervals because the

velocity is changing.

Table 2.4 summarizes what you can learn from the x-¢ graph and v,-t graph of the
straight-line motion of a particle.

TABLE 2.4 What x-t Graphs and v,-t Graphs Tell You

On an x-t graph On a v,-f graph

The value of the graph at a given The coordinate x at that time The velocity v, at that time

time tells you...

The slope of the graph at a given The velocity v, at that time The acceleration a, at that time

time tells you...

The acceleration a, at that time If the acceleration a, is changing

at that time

The concavity or curvature of the
graph at a given time tells you...

TEST YOUR UNDERSTANDING OF SECTION 2.3 Look again at the x-7 graph in Fig. 2.9 at
the end of Section 2.2. (a) At which of the points P, Q, R, and S is the x-acceleration a, positive?

(b) At which points is the x-acceleration negative? (c) At which points does the x-acceleration appear
to be zero? (d) At each point state whether the velocity is increasing, decreasing, or not changing.
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0 < v ‘g1 pue {(Surdueyd jJou s1 A1100[oA) () = “» ‘Y Ie {(2Ane3ou 0} 019Z 03 2ANIS0d WOy
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P23 MOTION WITH CONSTANT ACCELERATION

The simplest kind of accelerated motion is straight-line motion with constant acceleration.
In this case the velocity changes at the same rate throughout the motion. As an example,
a falling object has a constant acceleration if the effects of the air are not important. The
same is true for an object sliding on an incline or along a rough horizontal surface, or for
an airplane being catapulted from the deck of an aircraft carrier.

Figure 2.15 is a motion diagram showing the position, velocity, and acceleration of a
particle moving with constant acceleration. Figures 2.16 and 2.17 depict this same mo-
tion in the form of graphs. Since the x-acceleration is constant, the a,-t graph (graph of
x-acceleration versus time) in Fig. 2.16 is a horizontal line. The graph of x-velocity versus
time, or v,-t graph, has a constant slope because the acceleration is constant, so this graph
is a straight line (Fig. 2.17).



When the x-acceleration a, is constant, the average x-acceleration a,,_, for any time
interval is the same as a,. This makes it easy to derive equations for the position x and
the x-velocity v, as functions of time. To find an equation for v,, we first replace a,,., in
Eq. 2.4) by a,:

Uy = Ulx

a = (2.7)
! h—1

Now we let #;{ = 0 and let £, be any later time 7. We use the symbol v, for the initial
x-velocity at time ¢ = 0; the x-velocity at the later time 7 is v,. Then Eq. (2.7) becomes
Ux — Uox

a, = —————— or
b tr—0

x-velocity at time 7 of +-....,
a particle with "

constant x-acceleration (2.8)

Constant x-acceleration of the particle Time

In Eq. (2.8) the term a, is the product of the constant rate of change of x-velocity, a,,
and the time interval 7. Therefore it equals the tofal change in x-velocity from ¢ = 0 to
time ¢. The x-velocity v, at any time ¢ then equals the initial x-velocity v, (at ¢ = 0) plus
the change in x-velocity a,t (Fig. 2.17).

Equation (2.8) also says that the change in x-velocity v, — vy, of the particle between
t = 0 and any later time ¢ equals the area under the a,-t graph between those two times.
You can verify this from Fig. 2.16: Under this graph is a rectangle of vertical side a,,
horizontal side ¢, and area a,t. From Eq. (2.8) the area a,f is indeed equal to the change in
velocity v, — vp,. In Section 2.6 we’ll show that even if the x-acceleration is not constant,
the change in x-velocity during a time interval is still equal to the area under the a,-t
curve, although then Eq. (2.8) does not apply.

Next we’ll derive an equation for the position x as a function of time when the x-
acceleration is constant. To do this, we use two different expressions for the average
x-velocity v,,., during the interval from 7 = O to any later time #. The first expression
comes from the definition of v,,_,, Eq. (2.2), which is true whether or not the accelera-
tion is constant. The position at time ¢ = 0, called the initial position, is xy. The posi-
tion at time 7 is simply x. Thus for the time interval Ar = ¢ — 0 the displacement is
Ax = x — x9, and Eq. (2.2) gives

X — Xp

Uayox = p (2.9)

To find a second expression for v,,.,, note that the x-velocity changes at a constant
rate if the x-acceleration is constant. In this case the average x-velocity for the time
interval from O to 7 is simply the average of the x-velocities at the beginning and end of
the interval:

= %(on + v,) (constant x-acceleration only) (2.10)

Uav—x

[Equation (2.10) is not true if the x-acceleration varies during the time interval.] We also
know that with constant x-acceleration, the x-velocity v, at any time ¢ is given by Eq. (2.8).
Substituting that expression for v, into Eq. (2.10), we find

= %(UOX + vo, t+ axt)

= Uy T %axt

Uav—x

(constant x-acceleration only) (2.11)

Finally, we set Egs. (2.9) and (2.11) equal to each other and simplify:
X = X0
t

Vo T %axt = or
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Figure 2.16 An acceleration-time (a,-t)
graph of straight-line motion with constant
positive x-acceleration a,.

a
X .
Constant x-acceleration: a,-f graph
is a horizontal line (slope = 0).
a, -
|
|
|
N |
. | t
0 $ t

Area under a,-t graph = v, — v,
= change in x-velocity from time O to time .

Figure 2.17 A velocity-time (v,-f) graph
of straight-line motion with constant
positive x-acceleration a,. The initial
x-velocity vy, is also positive in this case.

Constant

x-acceleration:

v,-t graphis a
Ux straight line.

During time
interval 7, the
x-velocity changes
by v, — v, = at.

Total area under v -t graph = x — x
= change in x-coordinate from time O to time 7.
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BIO 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 440 m/sz. The first three photos in this
sequence show Air Force physician John
Stapp speeding up from rest to 188 m/s
(678 km/h) in just 5 's. Photos 4-6 show
the even greater magnitude of acceleration
as the rocket sled braked to a halt.

Figure 2.18 (a) Straight-line motion with
constant acceleration. (b) A position-time
(x-1) graph for this motion (the same
motion as is shown in Figs. 2.15, 2.16,

and 2.17). For this motion the initial
position x, the initial velocity vy,, and the
acceleration a, are all positive.

Position at time 7 of a ...
particle with constant
x-acceleration

o, ;". A v
“x = xp + Vot + %flxtz (2.12)

x-velocity of the particle at time 0’ Constant x-acceleration of the particle

Equation (2.12) tells us that the particle’s position at time ¢ is the sum of three terms:
its initial position at t = 0, x, plus the displacement v, it would have if its x-velocity
remained equal to its initial value, plus an additional displacement %axtz caused by the
change in x-velocity.

A graph of Eq. (2.12)—that is, an x-t graph for motion with constant x-acceleration
(Fig. 2.18a)—is always a parabola. Figure 2.18b shows such a graph. The curve inter-
cepts the vertical axis (x-axis) at x, the position at + = 0. The slope of the tangent at
t = 0 equals vy,, the initial x-velocity, and the slope of the tangent at any time 7 equals
the x-velocity v, at that time. The slope and x-velocity are continuously increasing, so the
x-acceleration a, is positive and the graph in Fig. 2.18b is concave up (it curves upward). If
a, is negative, the x-f graph is a parabola that is concave down (has a downward curvature).

If there is zero x-acceleration, the x-t graph is a straight line; if there is a constant
x-acceleration, the additional %axﬁ term in Eq. (2.12) for x as a function of ¢ curves the
graph into a parabola (Fig. 2.19a). Similarly, if there is zero x-acceleration, the v,-t
graph is a horizontal line (the x-velocity 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 change in x-velocity of the particle
equals the area under the a,-f graph, the displacement (change in position) equals the area
under the v,-t graph. So the displacement x — x; of the particle between + = 0 and any
later time ¢ equals the area under the v~ graph between those times. In Fig. 2.17 we di-
vide the area under the graph into a dark-colored rectangle (vertical side vy,, horizontal
side #, and area vy,#) and a light-colored right triangle (vertical side a,t, horizontal side ¢,
and area 3(a,t)(t) = 3a?). The total area under the v,-f graph is x — xg = Vot + Sa,t%,
in accord with Eq. (2.12).

It’s often useful to have a relationship for position, x-velocity, and (constant)
x-acceleration that does not involve time. To obtain this, we first solve Eq. (2.8) for ¢ and
then substitute the resulting expression into Eq. (2.12):

Uy — Uox
Ay

2
Uy — Upx 1 Uy — Upx
X =xy+ v()x(a + 54, .
X X

We transfer the term x to the left side, multiply through by 2a,, and simplify:

=

2a,(x — xg) = 2000, — 2002 + U2 — U0, + Uy

(a) A race car moves in the x-direction (b) The x-t graph

with constant acceleration.

Slope = v,

Constant x-acceleration:
x-t graph is a parabola.




(a) An x-t graph for a particle moving with
positive constant x-acceleration
Graph for constant x-acceleration:

X
X = xy + Vgt + 3a,1 *

U, = Vg, T ayt

1

~The effect of
< x-acceleration:
12
Fa,t

Graph for zero

-, . v

.. x-acceleration: 0x
X = Xg T Vgt

X0

Uy = Uox

(b) The v,- graph for the same particle

Graph for constant x-acceleration:
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Figure 2.19 (a) How a constant
x-acceleration affects a particle’s
(@) x- graph and (b) v,-r graph.

The added velocity
“due to x-acceleration:
a,t

“~... Graph for zero x-acceleration:

t

Finally,

x-velocity at time 7 of ., ;
a particle with B8 L2 _

£ .Uy Voy %ax(x xO)
constant x-acceleration B x
Position of the
particle at time ¢

Constant x-acceleration™
of the particle

t

. x-velocity of the particle at time 0

(2.13)

Position of the
particle at time O

We can get one more useful relationship by equating the two expressions for vyy.,,

Egs. (2.9) and (2.10), and multiplying through by #:

Position at time # of ----...
a particle with T
constant x-acceleration

Note that Eq. (2.14) does not contain the x-acceleration a,. This equation can be handy

when a, is constant but its value is unknown.

Equations (2.8), (2.12), (2.13), and (2.14) are the equations of motion with constant
acceleration (Table 2.5). By using these equations, we can solve any problem involving

straight-line motion of a particle with constant acceleration.

For the particular case of motion with constant x-acceleration depicted in Fig. 2.15
and graphed in Figs. 2.16, 2.17, and 2.18, the values of x, vy,, and a, are all positive. We
recommend that you redraw these figures for cases in which one, two, or all three of these

quantities are negative.

Position of the particle at time 0 Time

(2.14)

TABLE 2.5 Equations of Motion with
Constant Acceleration

Includes
Equation Quantities
Uy = Upy T ayt 2.8) t Uy ay

x=x)+ vt +ial  (212) 1 x  ay

v2 = vyl + 2a,(x — xp) (2.13) 7w\ @

X=X =2uvpe t vt (214 1 x v,

PROBLEM-SOLVING STRATEGY 2.1 Motion with Constant Acceleration

IDENTIFY the relevant concepts: In most straight-line motion
problems, you can use the constant-acceleration Equations (2.8),
(2.12), (2.13), and (2.14). If you encounter a situation in which the
acceleration isn’t constant, you’ll need a different approach (see
Section 2.6).

SET UP the problem using the following steps:

1. Read the problem carefully. Make a motion diagram showing the
location of the particle at the times of interest. Decide where to
place the origin of coordinates and which axis direction is posi-
tive. It’s often helpful to place the particle at the origin at time
t = 0; then xy = 0. Your choice of the positive axis direction au-
tomatically determines the positive directions for x-velocity and
x-acceleration. If x is positive to the right of the origin, then v,
and a, are also positive toward the right.

2. Identify the physical quantities (times, positions, velocities, and
accelerations) that appear in Eqgs. (2.8), (2.12), (2.13), and (2.14)
and assign them appropriate symbols: ¢, x, xg, Uy, Uyy, and a,, or
symbols related to those. Translate the prose into physics: “When
does the particle arrive at its highest point” means “What is the
value of ¢+ when x has its maximum value?” In Example 2.4,
“Where is he when his speed is 25 m/s?” means “What is the
value of x when v, = 25 m/s?” Be alert for implicit information.
For example, “A car sits at a stop light” usually means vy, = O.

3. List the quantities such as x, xq, Uy, Ugy, dy, and z. Some of them
will be known and some will be unknown. Write down the val-
ues of the known quantities, and decide which of the unknowns
are the target variables. Make note of the absence of any of the
quantities that appear in the four constant-acceleration equations.

Continued
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4. Use Table 2.5 to identify the applicable equations. (These are
often the equations that don’t include any of the absent quantities
that you identified in step 3.) Usually you’ll find a single equa-
tion that contains only one of the target variables. Sometimes
you must find two equations, each containing the same two
unknowns.

5. Sketch graphs corresponding to the applicable equations. The
vt graph of Eq. (2.8) is a straight line with slope a,. The x-¢
graph of Eq. (2.12) is a parabola that’s concave up if a, is posi-
tive and concave down if a, is negative.

6. On the basis of your experience with such problems, and taking
account of what your sketched graphs tell you, make any qualita-
tive and quantitative predictions you can about the solution.

EXECUTE the solution: If a single equation applies, solve it for the tar-
get variable, using symbols only; then substitute the known values and
calculate the value of the target variable. If you have two equations
in two unknowns, solve them simultaneously for the target variables.

EVALUATE your answer: Take a hard look at your results to see
whether they make sense. Are they within the general range of values
that you expected?

EXAMPLE 2.4 Constant-acceleration calculations

A motorcyclist heading east through a small town accelerates at a
constant 4.0 m/s” after he leaves the city limits (Fig. 2.20). At time
t = 0 he is 5.0 m east of the city-limits signpost while he moves east at
15 m/s. (a) Find his position and velocity at t = 2.0 s. (b) Where is he
when his speed is 25 m/s?

IDENTIFY and SET UP The x-acceleration is constant, so we can use
the constant-acceleration equations. We take the signpost as the origin
of coordinates (x = 0) and choose the positive x-axis to point east (see
Fig. 2.20, which is also a motion diagram). The known variables are the
initial position and velocity, xo = 5.0 m and vy, = 15 m/s, and the ac-
celeration, a, = 4.0 m/ §2. The unknown target variables in part (a) are
the values of the position x and the x-velocity v, at t = 2.0 s; the target
variable in part (b) is the value of x when v, = 25 m/s.

EXECUTE (a) Since we know the values of xj, vy,, and a,, Table 2.5
tells us that we can find the position x at ¢t = 2.0s by using

Figure 2.20 A motorcyclist traveling with constant acceleration.

Eq. (2.12) and the x-velocity v, at this time by using Eq. (2.8):
X = Xg T Vgt + %axt2
=50m + (15m/s)(2.0s) + 3(4.0m/s?*)(2.05)*> = 43 m
Uy = Ugy T ayt
15m/s + (4.0m/s?)(2.0s) = 23 m/s

(b) We want to find the value of x when v, = 25 m/s, but we don’t
know the time when the motorcycle has this velocity. Table 2.5 tells us
that we should use Eq. (2.13), which involves x, v,, and a, but does not
involve #:

sz = UOx2 + zax(x - xO)

Solving for x and substituting the known values, we find

2 2
U — Ugy
x:x0+"7°
2a,
25m/s)? — (15 m/s)?
=5.0m+( /s) (2 /)255111
2(4.0 m/s”)

EVALUATE You can check the result in part (b) by first using Eq. (2.8),
v, = Uy + ayt, to find the time at which v, = 25 m/s, which turns
out to be r = 25 s. You can then use Eq. (2.12), x = xp+uvg,t + %axtQ,
to solve for x. You should find x = 55 m, the same answer as above.
That’s the long way to solve the problem, though. The method we used
in part (b) is much more efficient.

KEYCONCEPT By using one or more of the four equations in
Table 2.5, you can solve any problem involving straight-line motion with
constant acceleration.

EXAMPLE 2.5 Two objects with different accelerations

wiTH VARIATION PROBLEMS

A motorist traveling at a constant 15 m/s (54 km/h) passes a school
crossing where the speed limit is 10 m/s (36 km/h). Just as the motorist
passes the school-crossing sign, a police officer on a motorcycle stopped
there starts in pursuit with constant acceleration 3.0 m/s” (Fig. 2.21a).
(a) How much time elapses before the officer passes the motorist? At
that time, (b) what is the officer’s speed and (c) how far has each vehicle
traveled?

IDENTIFY and SET UP Both the officer and the motorist move with
constant acceleration (equal to zero for the motorist), so we can use the
constant-acceleration formulas. We take the origin at the sign, so xy = 0

for both, and we take the positive direction to the right. Let xp and xy
represent the positions of the police officer and the motorist at any time.
Their initial velocities are vpg, = 0 and vy, = 15 m/s, and their ac-
celerations are ap, = 3.0 m/! s and ay, = 0. Our target variable in part
(a) is the time when the officer and motorist are at the same position x;
Table 2.5 tells us that Eq. (2.12) is useful for this part. In part (b) we’ll
use Eq. (2.8) to find the officer’s speed v (the magnitude of her velocity)
at the time found in part (a). In part (c) we’ll use Eq. (2.12) again to find
the position of either vehicle at this same time.
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Figure 2.21 (a) Motion with constant acceleration overtaking motion with constant velocity.

(b) A graph of x versus ¢ for each vehicle.

(a)

SCHOOL
CROSSING

Police officer: initially at rest,
constant x-acceleration

Motorist: constant x-velocity

\
I
I
I
I
I
Upox = 15 m/s L ‘
1 X Lol ()

(b)

The police officer and motorist
meet at the time ¢ where their
x(m) x-f graphs cross. }

160 ",

120 -
Motorist

M

Figure 2.21b shows an x-¢ graph for both vehicles. The straight line
represents the motorist’s motion, Xy = Xyvo + Umox? = Umiox?. The
graph for the officer’s motion is the right half of a parabola with up-
ward curvature:

2

_ 1 2 1
Xp = Xpo T Upoy! + 3apyt” = yapyt

A good sketch shows that the officer and motorist are at the same po-
sition (xp = xy) at about # = 10's, at which time both have traveled
about 150 m from the sign.

EXECUTE (a) To find the value of the time ¢ at which the motorist and
police officer are at the same position, we set xp = x\ by equating the
expressions above and solving that equation for #:

_ 1 2
UMox! = 2apxl

2oy, 2(15mfs)
t= = 5 = 10s
Apy 3.0 m/s

t=20 or

Both vehicles have the same x-coordinate at two times, as Fig. 2.21b in-
dicates. At t = 0 the motorist passes the officer; at + = 10 s the officer
passes the motorist.

(b) We want the magnitude of the officer’s x-velocity vp, at the time
t found in part (a). Substituting the values of vp(, and ap, into Eq. (2.8)
along with # = 10 s from part (a), we find

Upy = Upoy + apyt = 0 + (3.0m/s?)(10s) = 30 m/s

The officer’s speed is the absolute value of this, which is also 30 m/s.

ol 2 4 6 8 10 12

(¢) In 10 s the motorist travels a distance
XM = Umoct = (15m/s)(10s) = 150 m
and the officer travels
xp = 2ap,® = 3(3.0m/s?)(105)? = 150 m
This verifies that they have gone equal distances after 10 s.

EVALUATE Our results in parts (a) and (c) agree with our estimates
from our sketch. Note that when the officer passes the motorist, they
do not have the same velocity: The motorist is moving at 15 m/s and
the officer is moving at 30 m/s. You can also see this from Fig. 2.21b.
Where the two x-f curves cross, their slopes (equal to the values of v, for
the two vehicles) are different.

Is it just coincidence that when the two vehicles are at the same
position, the officer is going twice the speed of the motorist? Equation
(2.14), x — xy = (vox + vy)1, gives the answer. The motorist has con-
stant velocity, SO Upjor = Umy, and the motorist’s displacement x — x
in time ¢ is vy, f. Because vpy, = 0, in the same time ¢ the officer’s
displacement is %vpxt. The two vehicles have the same displacement
in the same amount of time, SO Vyjgf = %prt and vp, = 2upo—that
is, the officer has exactly twice the motorist’s velocity. This is true no
matter what the value of the officer’s acceleration.

KEYCONCEPT In straight-line motion, one object meets or passes
another at the time when the two objects have the same coordinate x
(and so their x-r graphs cross). The objects can have different velocities
at that time.

TEST YOUR UNDERSTANDING OF SECTION 2.4 Four possible v,-f graphs are shown for the

two vehicles in Example 2.5. Which graph is correct?

(a) (b) (9

vX v}( vX UX
Motorist }
Motorist I Motorist
_~ | .
- Officer ‘ Offi ‘
Officer : £(s) : 1 (s) 1cer : 1(s)
0 10 0 10 0 10
ANSWER 'S O] = 718 190W SA[OIYAA OM] A} USYM Jed J) UBY) I9)se) Juraow

St 9[oKo1010w 9y T, oury ySrens e st ydeisd 7-*a 10y 0s JUBISUOD SI UONJBII[AIIB-X S JOIIJO Y], (q) |
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Figure 2.22 Multiflash photo of a freely
falling ball.

PXJ FREELY FALLING OBJECTS

The most familiar example of motion with (nearly) constant acceleration is an object fall-
ing 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 B.C.,
Aristotle thought (erroneously) that heavy objects fall faster than light objects, in pro-
portion to their weight. Nineteen centuries later, Galileo (see Section 1.1) argued that an
object should fall with a downward acceleration that is constant and independent of its
weight.

Experiment shows that if the effects of the air can be ignored, Galileo is right; all ob-
jects 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
fall, although it includes rising as well as falling motion. (In Chapter 3 we’ll extend the
discussion of free fall to include the motion of projectiles, which move both vertically and
horizontally.)

Figure 2.22 is 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 photograph. 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 object is called the acceleration due to
gravity, and we denote its magnitude with the letter g. We’ll frequently use the approxi-
mate value of g at or near the earth’s surface:

The ball is
released
here and
falls freely.

Motion s
The images

of the ball
are recorded
at equal time
intervals.

* The average velocity in each time interval is
proportional to the distance between images.
* This distance continuously increases, so the
ball’s velocity is continuously changing; the
ball is accelerating downward.

g = 9.80m/s> (approximate value near the
earth’s surface)

CAUTION Don’t confuse speed, veloc-
ity, and acceleration in free fall Speed
can never be negative; velocity can be
positive or negative, depending on the di-
rection of motion. In free fall, speed and
velocity change continuously but accelera-
tion (the rate of change of velocity) is con-
stant and downward.

The exact value varies with location, so we’ll often give the value of g at the earth’s sur-
face to only two significant figures as 9.8 m/s%. On the moon’s surface, the acceleration
due to gravity is caused by the attractive force of the moon rather than the earth, and
g = 1.6 m/s>. Near the surface of the sun, g = 270 m/s’.

CAUTION g is always a positive number Because g is the magnitude of a vector quantity, it is
always a positive number. If you take the positive y-direction to be upward, as we do in most situa-
tions involving free fall, the y-component of the acceleration is negative and equal to —g. Be careful
with the sign of g, or you’ll have trouble with free-fall problems.

In the following examples we use the constant-acceleration equations developed in

Section 2.4. Review Problem-Solving Strategy 2.1 in that section before you study the
next examples.

EXAMPLE 2.6 A freely falling coin

A one-euro coin is dropped from the Leaning Tower of Pisa and falls
freely from rest. What are its position and velocity after 1.0 s, 2.0 s, and
3.0 s? Ignore air resistance.

IDENTIFY and SET UP “Falls freely” means “falls with constant accel-
eration due to gravity,” so we can use the constant-acceleration equa-
tions. The right side of Fig. 2.23 shows our motion diagram for the
coin. The motion is vertical, so we use a vertical coordinate axis and
call the coordinate y instead of x. We take the origin at the starting
point and the upward direction as positive. Both the initial coordinate
Yo and initial y-velocity vg, are zero. The y-acceleration is downward
(in the negative y-direction), so a, = —g = —9.8 m/sz. (Remember

that g is a positive quantity.) Our target variables are the values of
y and v, at the three given times. To find these, we use Egs. (2.12)
and (2.8) with x replaced by y. Our choice of the upward direction as
positive means that all positions and velocities we calculate will be
negative.

EXECUTE At a time ¢ after the coin is dropped, its position and
y-velocity are

y =0+ vyt + 3a,> =0+ 0+ 3(—g)* = (—4.9 m/s?)?
vy =gy +at =0+ (—g)t=(-98 m/s?)t



Figure 2.23 A coin freely falling from rest.

Y
° —115=0,y,=0
Vo=0 0= Yo
° —T1=1.OS,Y1=?
¢V1y=?

y oy=-9=-98m/s?

° —T2=2.OS,\/2=?
o
o —T3=3.OS,Y3=?
I
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When ¢=10s, y=(—49m/s?)(1.0s)> = —49m and v, =
(—9.8m/s?)(1.0s) = —9.8 m/s; after 1.0's, the coin is 4.9 m below
the origin (y is negative) and has a downward velocity (v, is negative)
with magnitude 9.8 m/s.

We can find the positions and y-velocities at 2.0 s and 3.0 s in the
same way. The results are y = =20 m and v, = —20 m/satt = 20s,

andy = —44mandv, = —29m/sats = 3.0s.

EVALUATE All our answers are negative, as we expected. If we had
chosen the positive y-axis to point downward, the acceleration would
have been a, = +g and all our answers would have been positive.

KEYCONCEPT By using one or more of the four equations in
Table 2.5 with x replaced by y, the positive y-direction chosen to be

upward, and acceleration a, = —g, you can solve any free-fall problem.

EXAMPLE 2.7 Up-and-down motion in free fall

wiTH VARIATION PROBLEMS

You throw a ball vertically upward from the roof of a tall building.
The ball leaves your hand at a point even with the roof railing with
an upward speed of 15.0 m/s; the ball is then in free fall. (We ignore
air resistance.) On its way back down, it just misses the railing. Find
(a) the ball’s position and velocity 1.00 s and 4.00 s after leaving your
hand; (b) the ball’s velocity when it is 5.00 m above the railing; (c) the
maximum height reached; (d) the ball’s acceleration when it is at its
maximum height.

IDENTIFY and SET UP The words “in free fall” mean that the accelera-
tion is due to gravity, which is constant. Our target variables are posi-
tion [in parts (a) and (c)], velocity [in parts (a) and (b)], and acceleration
[in part (d)]. We take the origin at the point where the ball leaves your
hand, and take the positive direction to be upward (Fig. 2.24). The ini-
tial position yy is zero, the initial y-velocity vy, is +15.0 m/s, and the y-
acceleration is a, = —g = —9.80 m/sz. In part (a), as in Example 2.6,
we’ll use Egs. (2.12) and (2.8) to find the position and velocity as func-
tions of time. In part (b) we must find the velocity at a given position
(no time is given), so we’ll use Eq. (2.13).

Figure 2.25 (next page) shows the y-¢ and v,-t graphs for the ball.
The y- graph is a concave-down parabola that rises and then falls, and
the vy~ graph is a downward-sloping straight line. Note that the ball’s
velocity is zero when it is at its highest point.

EXECUTE (a) The position and y-velocity at time ¢ are given by
Egs. (2.12) and (2.8) with x’s replaced by y’s:

1 1
y =30+ vyt + antz =y T vgyt + 5(—g)12

(0) + (15.0m/s)t + (—9.80 m/s?)r>
vy = gy + ayt = vy, + (—g)t
15.0m/s + (—9.80 m/s?)z

When 7= 1.00s, these equations give y = +10.Im and v, =
+5.2 m/s. That is, the ball is 10.1 m above the origin (y is positive) and

Figure 2.24 Position and velocity of a ball thrown vertically
upward.

The ball actually moves straight up and y
then straight down; we show ..., =0
a U-shaped path for clarity. % t} — 9 .,
t:1.00s,vy:?F ——————— =0
t:?’vV:?#A t—_—;———yZS.OOm
NG
t:0,v0y:15‘0m/st__~i _____ y=0
| 1 | |
| 1 | | a, = ¢
= —9.80 m/s’
| [ [ |
| 1 [ | .
T=ao0s] '
RN

moving upward (v, is positive) with a speed of 5.2 m/s. This is less than
the initial speed because the ball slows as it ascends. When ¢ = 4.00 S,
those equations give y = —18.4m and v, = —24.2 m/s. The ball has
passed its highest point and is 18.4 m below the origin (y is negative). It

is moving downward (v, is negative) with a speed of 24.2 m/s.
Continued
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Figure 2.25 (a) Position and (b) velocity as functions of time for a
ball thrown upward with an initial speed of 15.0 m/s.

(@) y-t graph (curvature is
downward because a, = —g
is negative)

(b) v, graph (straight line with
negative slope because a, = —g
is constant and negative)

y (m) Before t = 1.53 s the Uy (m/s) o
15 = ball moves upward. 155 Before 1 - 1-5'3 s
. > the y-velocity is
10 | /7 T\ Afterr = 1.53s 10 |- positive.
} the ball moves 5L
51 } downward. | | | |
t(s
0 | L t(S) 0 1 3 4 ( )
R S\ After 7 = 1.53 s
- —10 the y-velocity is
~10 negative.
10 5L
5 -20
—20 25

(b) The y-velocity at any position y is given by Eq. (2.13) with x’s
replaced by y’s:
y2 = v()y2 + Zay(y - yO) = UOy2 + 2(_g)(y - O)
(15.0 m/s)* + 2(—9.80 m/s?)y

v

When the ball is 5.00 m above the origin we have y = +5.00 m, so

v = (15.0m/s)? + 2(—9.80 m/s?)(5.00 m) = 127 m?/s’
v, = £11.3m/s

We get two values of v, because the ball passes through the point
y = +5.00 m twice, once on the way up (so v, is positive) and once on
the way down (so vy is negative) (see Fig. 2.24). Note that the speed of
the ball is 11.3 m/s each time it passes through this point.

(c) At the instant at which the ball reaches its maximum height y;,
its y-velocity is momentarily zero: v, = 0. We use Eq. (2.13) to find y;.
Withv, = 0, y9 = 0,and a, = —g, we get

0

v, + 2(=g)(m — 0)
voy  (15.0m/s)?

T2 T 2980 m/s)

= +11.5m

(d) CAUTION A free-fall misconception It’s a common miscon-
ception that at the highest point of free-fall motion, where the veloc-
ity is zero, the acceleration is also zero. If this were so, once the ball
reached the highest point it would hang there suspended in midair!
Remember that acceleration is the rate of change of velocity, and the
ball’s velocity is continuously changing. At every point, including the
highest point, and at any velocity, including zero, the acceleration in
free fall is always a, = —g = —9.80 m/s>.

EVALUATE A useful way to check any free-fall problem is to draw the
y-t and v,~t graphs, as we did in Fig. 2.25. Note that these are graphs
of Egs. (2.12) and (2.8), respectively. Given the initial position, initial
velocity, and acceleration, you can easily create these graphs by using a
graphing calculator app or an online math program.

KEYCONCEPT If a freely falling object passes a given point at two
different times, once moving upward and once moving downward, its
speed will be the same at both times.

EXAMPLE 2.8 Two solutions or one?

wiTH VARIATION PROBLEMS

At what time after being released has the ball in Example 2.7 fallen
5.00 m below the roof railing?

IDENTIFY and SET UP We treat this as in Example 2.7, so yp, Ugy, and

a, = —g have the same values as there. Now, however, the target vari-

able is the time at which the ball is at y = —5.00 m. The best equation
to use is Eq. (2.12) with a, replaced by —g, which gives the position y
as a function of time #:

Yy =y T vyt + 3(—g)f?

This is a quadratic equation for 7, which we want to solve for the value
of t when y = —5.00 m.

EXECUTE We rearrange the equation so that it has the standard form of
a quadratic equation for an unknown x, AxX*> + Bx + C = 0:

(3e)? + (—vo)t + (y —y) = AP + Bt + C =0

By comparison, we identify A = %g, B = —uvyy, and C = y — y. The
quadratic formula (see Appendix D) tells us that this equation has two
solutions:

-B + VB? - 4AC

2A
—(—vy) £ V(—up,? — 4(3¢) (> — )
2(38)
vy £V U0y2 —2g(y — »)

8

Substituting the values yy = 0, vy, = +15.0m/s, g = 9.80 m/s%, and
y = —5.00 m, we find

(15.0m/s) + V/(15.0 m/s)? — 2(9.80 m/s)(—5.00 m — 0)
9.80 m/s’

You can confirm that the numerical answers are t = +3.36 s and
t = —0.30 s. The answer t = —0.30 s doesn’t make physical sense,
since it refers to a time before the ball left your hand at + = 0. So the
correct answer is t = +3.36s.

EVALUATE Why did we get a second, fictitious solution? The explana-
tion is that constant-acceleration equations like Eq. (2.12) are based on
the assumption that the acceleration is constant for a/l values of time,
whether positive, negative, or zero. Hence the solution # = —0.30 s
refers to an imaginary moment when a freely falling ball was 5.00 m
below the roof railing and rising to meet your hand. Since the ball didn’t
leave your hand and go into free fall until = 0, this result is pure
fiction.

Repeat these calculations to find the times when the ball is 5.00 m
above the origin (y = +5.00 m). The two answers are t = +0.38 s
and r = +2.68 s. Both are positive values of #, and both refer to the real
motion of the ball after leaving your hand. At the earlier time the ball
passes through y = +5.00 m moving upward; at the later time it passes
through this point moving downward. [Compare this with part (b) of
Example 2.7, and again refer to Fig. 2.25a.]

You should also solve for the times when y = +15.0 m. In this case,
both solutions involve the square root of a negative number, so there
are no real solutions. Again Fig. 2.25a shows why; we found in part
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(c) of Example 2.7 that the ball’s maximum height is y = +11.5m, need to exercise the same care in solving many problems of this
so it never reaches y = +15.0 m. While a quadratic equation such as kind.
Eq. (2.12) always has two solutions, in some situations one or both of
the solutions aren’t physically reasonable.

In this example we encountered a quadratic equation for the case
of free fall. But Eq. (2.12) is a quadratic equation that applies to all
cases of straight-line motion with constant acceleration, so you’ll

KEYCONCEPT When the acceleration of an object is constant, its
position as a function of time is given by a quadratic equation. Inspect
the solutions to this equation to determine what they tell you about the
problem you’re solving.

TEST YOUR UNDERSTANDING OF SECTION 2.5 If you toss a ball upward with a certain
initial speed, it falls freely and reaches a maximum height % a time ¢ after it leaves your hand. (a) If
you throw the ball upward with double the initial speed, what new maximum height does the ball
reach? (i) h'\V/2; (ii) 2h; (iii) 4h; (iv) 8k; (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? (i) #/2; (i) #/V/2; (iii) ;

(iv) V2 (V) 2t.
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m 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 accelera-
tion. When a, is not constant, as is frequently the case, the equations that we derived in
that section are no longer valid (Fig. 2.26). But even when a, varies with time, we can still
use the relationship v, = 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 use a, = dv,/dt to find the x-acceleration
a, as a function of time if the x-velocity v, is a known function of time.

In many situations, however, position and velocity are not known functions of time,
while acceleration is (Fig. 2.27). How can we find the position and velocity in straight-
line motion from the acceleration function a,(7)?

Figure 2.26 When you push a car’s accelerator pedal Figure 2.27 The inertial navigation system (INS) on

to the floorboard, the resulting acceleration is not board a long-range airliner keeps track of the airliner’s
constant: The greater the car’s speed, the more slowly it acceleration. Given the airliner’s initial position and
gains additional speed. A typical car takes twice as long velocity before takeoff, the INS uses the acceleration data
to accelerate from 50 km/h to 100 km/h as it does to to calculate the airliner’s position and velocity throughout

accelerate from 0 to 50 km/h. the flight.
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Figure 2.28 An a,-t graph for a particle
whose x-acceleration is not constant.

Area of this strip = Av,
= Change in x-velocity

a
during time interval Az
. . -

7

P =
Aoy |77 7777 =

W t
ol 1 ] I
At

Total area under the x-¢ graph from ¢, to 1,
= Net change in x-velocity from ¢, to ,

Figure 2.28 is a graph of x-acceleration versus time for a particle whose acceleration
is not constant. We can divide the time interval between times #; and % into many smaller
subintervals, calling a typical one At. Let the average x-acceleration during Atz be a,,.,.
From Eq. (2.4) the change in x-velocity Av, during At is

Av, = a,y., At

Graphically, Av, equals the area of the shaded strip with height a,,., and width Ar—that
is, the area under the curve between the left and right sides of Az. The total change in x-
velocity from ¢; to t, is the sum of the x-velocity changes Awv, in the small subintervals. So
the total x-velocity change is represented graphically by the fofal area under the a,-f curve
between the vertical lines # and %. (In Section 2.4 we showed this for the special case in
which a, is constant.)

In the limit that all the A#’s become very small and they become very large in number,
the value of a,,., for the interval from any time 7 to r + At approaches the instantaneous
x-acceleration a, at time ¢. In this limit, the area under the a,-f curve is the integral of a,
(which is in general a function of ) from #, to 5. If vy, is the x-velocity of the particle at
time #; and v, is the velocity at time %, then

U2x 5]
Usy — Uiy = / dv, = / a, dt
Ulx ]

1x

(2.15)

The change in the x-velocity v, is the time integral of the x-acceleration a,.

We can carry out exactly the same procedure with the curve of x-velocity versus time.
If x; is a particle’s position at time # and x, is its position at time %, from Eq. (2.2) the
displacement Ax during a small time interval Az is equal to v,,., A, where v,,., is the
average x-velocity during At. The total displacement x, — x; during the interval , — £, is

given by
X2 15)
xz—xlz/ dxz/vxdt
X1 n

The change in position x—that is, the displacement—is the time integral of x-velocity v,.
Graphically, the displacement between times #; and #, is the area under the v,-f curve
between those two times. [This is the same result that we obtained in Section 2.4 for the
special case in which v, is given by Eq. (2.8).]

If, = 0 and #, is any later time ¢, and if x; and v, are the position and velocity, respec-
tively, at time ¢ = 0, then we can rewrite Egs. (2.15) and (2.16) as

(2.16)

x-velocity of a

x-velocity of the particle at time 0
particle at time 7-..._ i

t
"vx = vy(,x +/ a,dt
J0 .

(2.17)
Integral of the x-acceleration of the parlicle" from time O to time ¢
Position of a Position of the particle at time 0
particle at time 7-..., t
EEE S +/ v, dt (2.18)
0

If we know the x-acceleration a, as a function of time and we know the initial velocity
Uox» We can use Eq. (2.17) to find the x-velocity v, at any time; that is, we can find v, as a
function of time. Once we know this function, and given the initial position x;, we can use
Eq. (2.18) to find the position x at any time.
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Sally is driving along a straight road. At + = 0, when she is moving at
10 m/s in the positive x-direction, she passes a signpost at x = 50 m.
Her x-acceleration as a function of time is

a, = 2.0m/s> — (0.10 m/s*)r

(a) Find her x-velocity v, and position x as functions of time. (b) When is
her x-velocity greatest? (c) What is that maximum x-velocity? (d) Where
is the car when it reaches that maximum x-velocity?

IDENTIFY and SET UP The x-acceleration is a function of time, so we
cannot use the constant-acceleration formulas of Section 2.4. Instead, we
use Eq. (2.17) to obtain an expression for v, as a function of time, and
then use that result in Eq. (2.18) to find an expression for x as a function
of £. We’ll then be able to answer a variety of questions about the motion.

EXECUTE (a) Atz = 0, Sally’s position is xy, = 50 m and her x-velocity
is vg, = 10 m/s. To use Eq. (2.17), we note that the integral of " (ex-
ceptforn = —1)is [1"dr = ;"1 Hence

v, = 10m/s + /t[2.0 m/s?> — (0.10 m/s*)¢] dr
0

10m/s + (2.0 m/s?)r — £(0.10 m/s*)¢?

Now we use Eq. (2.18) to find x as a function of #:
t
x=50m + / [10m/s + (2.0 m/s*)z — $(0.10 m/s*)7?] dt
0

=50m + (10 m/s)r + (2.0 m/s?)? — £(0.10 m/s*)r

Figure 2.29 shows graphs of a,, v,, and x as functions of time as given by
the previous equations. Note that for any time ¢, the slope of the v,-¢ graph
equals the value of a, and the slope of the x-¢ graph equals the value of v,.

(b) The maximum value of v, occurs when the x-velocity stops in-
creasing and begins to decrease. At that instant, dv,/dt = a, = 0. So
we set the expression for a, equal to zero and solve for #:

o
I

=2.0m/s?> — (0.10 m/s*)z
2.0 m/s?
SOMS 0
0.10 m/s*

(c) We find the maximum x-velocity by substituting r = 20 s, the
time from part (b) when velocity is maximum, into the equation for v,
from part (a):
10m/s + (2.0 m/s?)(20's) — 2(0.10 m/s*)(20 s )?

30 m/s

Umax-x =

(d) To find the car’s position at the time that we found in part (b),
we substitute # = 20 s into the expression for x from part (a):

x =50m + (10 m/s)(20 s) + 3 (2.0 m/s?) (20 s)*— £ (0.10 m/s*) (20 s)*
=517m

EVALUATE Figure 2.29 helps us interpret our results. The left-hand
graph shows that a, is positive between ¢ = 0 and r = 20 s and nega-
tive after that. It is zero at + = 20 s, the time at which v, is maximum
(the high point in the middle graph). The car speeds up until r = 20 s
(because v, and a, have the same sign) and slows down after r = 20 s
(because v, and a, have opposite signs).

Since v, is maximum at r = 20 s, the x-¢ graph (the right-hand graph
in Fig. 2.29) has its maximum positive slope at this time. Note that the
x-t graph is concave up (curved upward) from r = 0 to t = 20 s, when
a, is positive. The graph is concave down (curved downward) after
t = 20 s, when a, is negative.

KEYCONCEPT If the acceleration in straight-line motion is not con-
stant but is a known function of time, you can find the velocity and posi-
tion as functions of time by integration.

Figure 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 stop at t = 44.5 s?

x (m)
v, (m/s) 800 - x-t graph curves
* upward before
a, (m/s?) 30 - 7 600 =205, .
20 leration i 20 L 400 : | x-t graph curves
0= e x-acceleration is i i [ ard after
& positive before t = 20 s. x-velocity I x-velocity ! d(i)van,Id alter
10 - 10 increases before } decreases after 200 } t=20s.
t =20s. } t =20s. }
I I I I I L 1(5) I I I I I L £ (s) I I I I I L 1 (s)
o 5 10 15 20 2§ 30 o 5 10 15 20 25 30 o 5 10 15 20 25 30
—-1.0 - x-acceleration is ="
negative after 1 = 20 s.

TEST YOUR UNDERSTANDING OF SECTION 2.6 If the x-acceleration a, of an object
moving in straight-line motion is increasing with time, will the v,-f 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)?

ANSWER
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SUMMARY

Straight-line motion, average and instantaneous x-velocity: When Ax X — x| 5

. . . o o . B = = (2.2)
a particle moves along a straight line, we describe its position with MEOAt - P -
respect to an origin O by means of a coordinate such as x. The Ax dx /4 f
particle’s average x-velocity vy, during a time interval At =1t — 4 % = Qim o= (2.3) @//“’ BE
is equal to its displacement Ax = x, — x| divided by Az. The %\OQ i
instantaneous x-velocity v, at any time ¢ is equal to the average nfr =ox | |5
x-velocity over the time interval from 7 to # + At in the limit that hpr T,
At goes to zero. Equivalently, v, is the derivative of the position o h Iﬁ' f

2 1

function with respect to time. (See Example 2.1.)

Average and instantaneous x-acceleration: The average x- _Au vy - (2.4) v,
acceleration a,,._, during a time interval At is equal to the change O N h— 1 '
in velocity Av, = vy, — v;, during that time interval divided Av.  dv
. . . . . . X X
by Ar. The instantaneous x-acceleration a, is the limit of a,,., ay = [lim A dr (2.5)
as At goes to zero, or the derivative of v, with respect to 7. (See
Examples 2.2 and 2.3.)
Straight-line motion with constant acceleration: When the x- Constant x-acceleration only: i
acceleratiop is constant,.four equati9n§ Telate ch§ position?c a}r}d 0= gp, = 2.8) 1=0 ‘v .
the x-velocity v, at any time ¢ to the initial position x, the initial x- L, 0‘ ~—
velocity vy, (both measured at time ¢t = 0), and the x-acceleration X=X+ ot + aad 202 t = At J—;—Qv-)— x
ay. (See Examples 2.4 and 2.5.) 02 =2 + 2a(x—x)) (2.13) 0} ! >a
=20t —e———
X=X = v + vt (2.14) T *
o v
t =30 —T——e——x
01 1
Lo a
= 4Ar L1 S x
0
Freely falling objects: Free fall (vertical motion without air o,
resistance, so only gravity affects the motion) is a case of motion * 1
with constant acceleration. The magnitude of the acceleration due : * * a, =—¢g )
to gravity is a positive quantity, g. The acceleration of an object in ! = —9.80m/s
free fall is always downward. (See Examples 2.6-2.8.) I 1
Straight-line motion with varying acceleration: When the !
acceleration is not constant but is a known function of time, Uy = Uox + 7 ax dt (2.17)

we can find the velocity and position as functions of time by t
integrating the acceleration function. (See Example 2.9.) x=x)+ / v, dt (2.18)
0
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KEY EXAMPLE VARIATION PROBLEMS

Be sure to review EXAMPLE 2.5 (Section 2.4) before attempting these
problems.

VP2.5.1 A sports car starts from rest at an intersection and acceler-
ates toward the east on a straight road at 8.0 m/s>. Just as the sports
car starts to move, a bus traveling east at a constant 18 m/s on the same
straight road passes the sports car. When the sports car catches up with
and passes the bus, (a) how much time has elapsed and (b) how far has
the sports car traveled?

VP2.5.2 A caris traveling on a straight road at a constant 30.0 m/s, which
is faster than the speed limit. Just as the car passes a police motorcycle
that is stopped at the side of the road, the motorcycle accelerates forward
in pursuit. The motorcycle passes the car 12.5 s after starting from rest.
(a) What is the acceleration of the motorcycle (assumed to be constant)?
(b) How far does the motorcycle travel before it passes the car?

VP2.5.3 A police car is traveling north on a straight road at a constant
20.0 m/s. An SUV traveling north at 30.0 m/s passes the police car. The
driver of the SUV suspects he may be exceeding the speed limit, so
just as he passes the police car he lets the SUV slow down at a constant
1.80 m/s?. (a) How much time elapses from when the SUV passes the
police car to when the police car passes the SUV? (b) What distance
does the SUV travel during this time? (c) What is the speed of the SUV
when the police car passes it?

VP2.5.4 Att = 0 a truck starts from rest at x = 0 and speeds up in the
positive x-direction on a straight road with acceleration ar. At the same
time, r = 0, acaris atx = 0 and traveling in the positive x-direction with
speed vc. The car has a constant negative x-acceleration: dgy.., = —dc,
where ac is a positive quantity. (a) At what time does the truck pass the
car? (b) At what x-coordinate does the truck pass the car?

Be sure to review EXAMPLE 2.7 (Section 2.5) before attempting these
problems.

VP2.7.1 You throw a ball straight up from the edge of a cliff. It leaves
your hand moving at 12.0 m/s. Air resistance can be neglected. Take
the positive y-direction to be upward, and choose y = 0 to be the point
where the ball leaves your hand. Find the ball’s position and velocity
(a) 0.300 s after it leaves your hand and (b) 2.60 s after it leaves your
hand. At each time state whether the ball is above or below your hand
and whether it is moving upward or downward.

VP2.7.2 You throw a stone straight down from the top of a tall tower.
It leaves your hand moving at 8.00 m/s. Air resistance can be neglected.
Take the positive y-direction to be upward, and choose y = 0 to be the

BRIDGING PROBLEM The Fall of a Superhero

point where the stone leaves your hand. (a) Find the stone’s position and
velocity 1.50 s after it leaves your hand. (b) Find the stone’s velocity
when it is 8.00 m below your hand.

VP2.7.3 You throw a football straight up. Air resistance can be
neglected. (a) When the football is 4.00 m above where it left your
hand, it is moving upward at 0.500 m/s. What was the speed of the foot-
ball when it left your hand? (b) How much time elapses from when the
football leaves your hand until it is 4.00 m above your hand?

VP2.7.4 You throw a tennis ball straight up. Air resistance can be ne-
glected. (a) The maximum height above your hand that the ball reaches
is H. At what speed does the ball leave your hand? (b) What is the speed
of the ball when it is a height H/2 above your hand? Express your an-
swer as a fraction of the speed at which it left your hand. (c) At what
height above your hand is the speed of the ball half as great as when it
left your hand? Express your answer in terms of H.

Be sure to review EXAMPLE 2.8 (Section 2.5) before attempting these
problems.

VP2.8.1 You throw a rock straight up from the edge of a cliff. It leaves
your hand at time ¢+ = 0 moving at 12.0 m/s. Air resistance can be ne-
glected. (a) Find both times at which the rock is 4.00 m above where it
left your hand. (b) Find the time when the rock is 4.00 m below where
it left your hand.

VP2.8.2 You throw a basketball straight down from the roof of a build-
ing. The basketball leaves your hand at time ¢ = 0 moving at 9.00 m/s.
Air resistance can be neglected. Find the time when the ball is 5.00 m
below where it left your hand.

VP2.8.3 You throw an apple straight up. The apple leaves your hand at
time ¢ = 0 moving at 5.50 m/s. Air resistance can be neglected. (a) How
many times (two, one, or none) does the apple pass through a point 1.30 m
above your hand? If the apple does pass through this point, at what times
t does it do so, and is the apple moving upward or downward at each of
these times? (b) How many times (two, one, or none) does the apple pass
through a point 1.80 m above your hand? If the apple does pass through
this point, at what times 7 does it do so, and is the apple moving upward
or downward at each of these times?

VP2.8.4 You throw an orange straight up. The orange leaves your hand
at time ¢ = 0 moving at speed vy. Air resistance can be neglected. (a) At
what time(s) is the orange at a height vi’/2g above the point where it left
your hand? At these time(s) is the orange moving upward, downward,
or neither? (b) At what time(s) is the orange at a height 3v?/8g above
the point where it left your hand? At these time(s) is the orange moving
upward, downward, or neither?

The superhero Green Lantern steps from the top of a tall building. He
falls freely from rest to the ground, falling half the total distance to the
ground during the last 1.00 s of his fall (Fig. 2.30). What is the height &
of the building?

SOLUTION GUIDE

IDENTIFY and SET UP

1. You're told that Green Lantern falls freely from rest. What does
this imply about his acceleration? About his initial velocity?

2. Choose the direction of the positive y-axis. It’s easiest to make
the same choice we used for freely falling objects in Section 2.5.

3. You can divide Green Lantern’s fall into two parts: from the
top of 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 4. Then choose two equations, one for the first
part of the fall and one for the second part, that you’ll use
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Figure 2.30 Green Lantern in free fall.
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together to find an expression for 4. (There are several pairs of
equations that you could choose.)

EXECUTE

4. Use your two equations to solve for the height /. Heights are al-
ways positive numbers, so your answer should be positive.

EVALUATE

5. To check your answer for &, use 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 build-
ing to the ground. If your answer for % is correct, time (ii) should
be 1.00 s greater than time (i). If it isn’t, go back and look for
errors in how you found #.

PROBLEMS

o, oo ooe: Difficulty levels. CP: Cumulative problems incorporating material from earlier chapters. CALC: Problems requiring calculus.
DATA: Problems involving real data, scientific evidence, experimental design, and/or statistical reasoning. BI0: Biosciences problems.

DISCUSSION QUESTIONS

Q2.1 Does the speedometer of a car measure speed or velocity?
Explain.

Q2.2 The black dots at the top of Fig. Q2.2 represent a series of high-
speed photographs of an insect flying in a straight line from left to right
(in the positive x-direction). Which of the graphs in Fig. Q2.2 most
plausibly depicts this insect’s motion?

Figure Q2.2

[ ] [ [ ] [ ] [ ] [ ]
v, a, x v, v,
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(a) (b) (] (d) (e)

Q2.3 Can an object with constant acceleration reverse its direction of
travel? Can it reverse its direction twice? In both cases, explain your
reasoning.

Q2.4 Under what conditions is average velocity equal to instantaneous
velocity?

Q2.5 Is it possible for an object to be (a) slowing down while its accel-
eration is increasing in magnitude; (b) speeding up while its accelera-
tion is decreasing? In both cases, explain your reasoning.

Q2.6 Under what conditions does the magnitude of the average veloc-
ity equal the average speed?

Q2.7 When a Porsche 911 GT3 is at Nino’s Pizza, a BMW Z4 is at the
junction of Princess Street and Portland Street. Later, when the Porsche
reaches the junction of Princess and Portland, the BMW reaches Nino’s
Pizza. How are the cars’ average velocities between these two times related?
Q2.8 A driver in Nairobi was sent to traffic court for speeding. The
evidence against the driver was that a policewoman observed the driv-
er’s car alongside a second car at a certain moment, and the police-
woman had already clocked the second car going faster than the speed
limit. The driver argued, “The second car was passing me. I 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 representing the accused driver, how would you
argue this case?

Q2.9 Can you have zero displacement and nonzero average velocity?
Zero displacement and nonzero velocity? Illustrate your answers on an
X-t graph.

02.10 Can you have zero acceleration and nonzero velocity? Use a v,-t
graph to explain.

Q2.11 Can you have zero velocity and nonzero average acceleration?
Zero velocity and nonzero acceleration? Use a v,-f graph to explain, and
give an example of such motion.

02.12 An automobile is traveling west. Can it have a velocity toward
the west and at the same time have an acceleration toward the east?
Under what circumstances?

Q2.13 The official’s truck in Fig. 2.2 is at x; = 277 m at#; = 16.0s
andis at x, = 19 mat# = 25.0s. (a) Sketch two different possible x-¢
graphs for the motion of the truck. (b) Does the average velocity v,,.,
during the time interval from #; to #, have the same value for both of
your graphs? Why or why not?

Q2.14 Under constant acceleration the average velocity of a particle is
half the sum of its initial and final velocities. Is this still true if the ac-
celeration is not constant? Explain.

02.15 You throw a tennis ball straight up in the air so that it rises to a
maximum height much greater than your height. Is the magnitude of the
ball’s acceleration greater while it is being thrown or after it leaves your
hand? Explain.

Q2.16 Prove these statements: (a) As long as you can ignore the effects of
the air, if you throw anything vertically upward, it will have the same speed
when it returns to the release point as when it was released. (b) The time of
flight will be twice the time it takes to get to its highest point.

02.17 A dripping water faucet steadily releases drops 1.0 s apart. As
these drops fall, does the distance between them increase, decrease, or
remain the same? Prove your answer.

Q2.18 If you know the initial position and initial velocity of a vehicle
and have a record of the acceleration at each instant, can you compute
the vehicle’s position after a certain time? If so, explain how this might
be done.



Q2.19 From the top of a tall building, you throw one ball straight up
with speed vy and one ball straight down with speed vy. (a) Which ball
has the greater speed when it reaches the ground? (b) Which ball gets
to the ground first? (c) Which ball has a greater displacement when it
reaches the ground? (d) Which ball has traveled the greater distance
when it hits the ground?

Q2.20 You run due east at a constant speed of 3.00 m/s for a distance of
120.0 m and then continue running east at a constant speed of 5.00 m/s
for another 120.0 m. For the total 240.0 m run, is your average velocity
4.00 m/s, greater than 4.00 m/s, or less than 4.00 m/s? Explain.

Q2.21 An object is thrown straight up into the air and feels no air re-
sistance. How can the object have an acceleration when it has stopped
moving at its highest point?

02.22 When you drop an object from a certain height, it takes time 7 to
reach the ground with no air resistance. If you dropped it from three times
that height, how long (in terms of 7') would it take to reach the ground?

EXERCISES

Section 2.1 Displacement, Time, and Average Velocity

2.1 e A car travels in the +x-direction on a straight and level road.
For the first 4.00 s of its motion, the average velocity of the car is
Uyyx = 6.25 m/s. How far does the car travel in 4.00 s?

2.2 e ]n an experiment, a shearwater (a seabird) was taken from its
nest, flown 5150 km away, and released. The bird found its way back to
its nest 13.5 days after release. If we place the origin at the nest and
extend the +x-axis to the release point, what was the bird’s average ve-
locity in m/s (a) for the return flight and (b) for the whole episode, from
leaving the nest to returning?

2.3 ee Trip Home. You normally drive from Glasgow to Edinburgh
via M8 motorway at an average speed of 72 km/h, and the trip takes 1 h
and 2 min. At peak times, however, heavy traffic slows you down and
you drive the same distance at an average speed of only 49 km/h. How
much longer does the trip take?

2.4 e From Pillar to Post. Starting from a pillar, you run 200 m east
(the +x-direction) at an average speed of 5.0 m/s and then run 280 m
west at an average speed of 4.0 m/s to a post. Calculate (a) your average
speed from pillar to post and (b) your average velocity from pillar to post.
2.5 e Starting from the front door of a farmhouse, you walk 60.0 m
due east to a windmill, turn around, and then slowly walk 40.0 m west
to a bench, where you sit and watch the sunrise. It takes you 28.0 s
to walk from the house to the windmill and then 36.0 s to walk from
the windmill to the bench. For the entire trip from the front door to the
bench, what are your (a) average velocity and (b) average speed?

2.6 eo A Honda Civic travels in a straight line along a road. The
car’s distance x from a stop sign is given as a function of time
¢t by the equation x(1) = at> — B>, where a = 1.50 m/s*> and
B = 0.0500 m/s>. Calculate the average velocity of the car for
each time interval: (a) t =0 to t = 2.00s; (b) t =0 to t = 4.00s;
(c)t =2.00stor = 4.00s.

SECTION 2.2 Instantaneous Velocity

2.7 » CALCA car is stopped at a traffic light. It then travels
along a straight road such that its distance from the light is given
by x(r) = bt> — ¢}, where b = 240m/s’> and ¢ = 0.120 m/s’.
(a) Calculate the average velocity of the car for the time interval ¢t = 0
to t = 10.0s. (b) Calculate the instantaneous velocity of the car at
t=0,t=5.0s,and t = 10.0s. (c) How long after starting from rest
is the car again at rest?

2.8 » CALC A bird is flying due east. Its distance from a tall building is
given by x(r) = 28.0m + (12.4 m/s)r — (0.0450 m/s*)¢>. What is the
instantaneous velocity of the bird when r = 8.00 s?
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2.9 ee A ball moves in a straight
line (the x-axis). The graph in
Fig. E2.9 shows this ball’s velocity
as a function of time. (a) What are 3.0

the ball’s average speed and aver-

age velocity during the first 3.0 s? 20
(b) Suppose that the ball moved in 1.0
such a way that the graph segment
after 2.0 s was —3.0 m/s instead of
+3.0m/s. Find the ball’s average
speed and average velocity in this
case.

2.10 ee A physics professor leaves her house and walks along the
pavement toward campus. After 5 min it starts to rain, and she returns
home. Her distance from her house as a function of time is shown
in Fig. E2.10. At which of the labeled points is her velocity (a) zero?
(b) constant and positive? (c) constant and negative? (d) increasing in
magnitude? (e) decreasing in magnitude?

Figure E2.9
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2.11 ee A test car travels in a Figure E2.11
straight line along the x-axis. The x (m)

graph in Fig. E2.11 shows the car’s C
position x as a function of time.
Find its instantaneous velocity at 5,
points A through G. 10

Section 2.3 Average and Instantaneous Acceleration

2.12 e Figure E2.12 shows the velocity of a solar-powered car as a
function of time. The driver accelerates from a stop sign, cruises for
20 s at a constant speed of 60 km/h, and then brakes to come to a stop
40 s after leaving the stop sign. (a) Compute the average accelera-
tion during these time intervals: (i) t = O to r = 10s; (i) # = 30 s to
t=40s; (i)t = 10stor =30s; (iv)t = 0to t = 40s. (b) What is
the instantaneous acceleration at = 20 s and at r = 35 s?

Figure E2.12 v, (km/h)
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2.13 o CALC A turtle crawls along a straight line, which we’ll
call the x-axis with the positive direction to the right. The equation
for the turtle’s position as a function of time is x(7) = 50.0 cm +
(2.00 cm/s)t — (0.0625 cm/s?)¢%. (a) Find the turtle’s initial velocity,
initial position, and initial acceleration. (b) At what time ¢ is the velocity
of the turtle zero? (c) How long after starting does it take the turtle to
return to its starting point? (d) At what times 7 is the turtle a distance of
10.0 cm from its starting point? What is the velocity (magnitude and di-
rection) of the turtle at each of those times? (e) Sketch graphs of x ver-
sus t, v, versus ¢, and a, versus ¢, for the time interval t = O to t = 40 s.
2.14 ee CALC A race car starts from rest and travels east along
a straight and level track. For the first 5.0 s of the car’s motion, the east-
ward component of the car’s velocity is given by v,(r) = (0.860 m/s*)*.
What is the acceleration of the car when v, = 12.0 m/s?

2.15 o CALC A car’s velocity as a function of time is given by
v(t) = a+ Br?, where a=300m/s and B = 0.100 m/s’.
(a) Calculate the average acceleration for the time interval r = 0 to
t = 5.00s. (b) Calculate the instantaneous acceleration for ¢+ = 0 and
t = 5.00s. (c) Draw v,-t and a,-t graphs for the car’s motion between
t=0and? = 5.00s.

2.16 e An astronaut has left the International Space Station to test a
new space scooter. Her partner measures the following velocity changes,
each taking place in a 10 s interval. What are the magnitude, the alge-
braic sign, and the direction of the average acceleration in each interval?
Assume that the positive direction is to the right. (a) At the beginning of
the interval, the astronaut is moving toward the right along the x-axis at
15.0 m/s, and at the end of the interval she is moving toward the right at
5.0 m/s. (b) At the beginning she is moving toward the left at 5.0 m/s,
and at the end she is moving toward the left at 15.0 m/s. (c) At the be-
ginning she is moving toward the right at 15.0 m/s, and at the end she is
moving toward the left at 15.0 m/s.

2.17 ee CALC The position of the front bumper of a test car under
microprocessor control is given by x(¢) = 2.17 m + (4.80 m/s?)r> —
(0.100 m/sﬁ)t6, (a) Find its position and acceleration at the instants
when the car has zero velocity. (b) Draw x-t, v,-t, and a,-t graphs for the
motion of the bumper between t = 0 and t = 2.00 s.

Section 2.4 Motion with Constant Acceleration

2.18 e Estimate the distance that your car travels on the entrance ramp
to a freeway as it accelerates from 50 km/h to the freeway speed of
110 km/h. During this motion what is the average acceleration of the car?
2.19 e An antelope moving with constant acceleration covers the
distance between two points 70.0 m apart in 6.00 s. Its speed as it passes
the second point is 15.0 m/s. What are (a) its speed at the first point and
(b) its acceleration?

2.20 o A Tennis Serve. In the fastest measured tennis serve,
the ball left the racquet at 73.14 m/s. A served tennis ball is typically
in contact with the racquet for 30.0 ms and starts from rest. Assume
constant acceleration. (a) What was the ball’s acceleration during this
serve? (b) How far did the ball travel during the serve?

2.21 o A Fast Pitch. The fastest measured pitched baseball left the
pitcher’s hand at a speed of 45.0 m/s. If the pitcher was in contact with
the ball over a distance of 1.50 m and produced constant acceleration,
(a) what acceleration did he give the ball, and (b) how much time did it
take him to pitch it?

2.22 e You are traveling on a motorway at the posted speed limit of
110 km/h when you see that the traffic in front of you has stopped
due to an accident up ahead. You step on your brakes to slow down as
quickly as possible. (a) Estimate how many seconds it takes you to slow
down to 50 km/h. What is the magnitude of the average acceleration
of the car while it is slowing down? With this same average accelera-
tion, (b) how much longer would it take you to stop, and (c) what total

distance would you travel from when you first apply the brakes until the
car stops?

2.23 oo BIO Automobile Airbags. The human body can survive an
acceleration trauma incident (sudden stop) if the magnitude of the ac-
celeration is less than 250 m/s%. If you are in an automobile accident
with an initial speed of 105 km/h and are stopped by an airbag that in-
flates from the dashboard, over what minimum distance must the airbag
stop you for you to survive the crash?

2.24 o Entering the Freeway. A car sits on an entrance ramp to a
freeway, waiting for a break in the traffic. Then the driver accelerates
with constant acceleration along the ramp and onto the freeway. The car
starts from rest, moves in a straight line, and has a speed of 20 m/s when
it reaches the end of the 120-m-long ramp. (a) What is the acceleration
of the car? (b) How much time does it take the car to travel the length of
the ramp? (c) The traffic on the freeway is moving at a constant speed
of 20 m/s. What distance does the traffic travel while the car is moving
the length of the ramp?

2.25 » BIO Airbag Injuries. During an auto accident, the vehicle’s
airbags deploy and slow down the passengers more gently than if they
had hit the windshield or steering wheel. According to safety standards,
airbags produce a maximum acceleration of 60g that lasts for only
36 ms (or less). How far (in meters) does a person travel in coming to a
complete stop in 36 ms at a constant acceleration of 60g?

2.26 oo A cat walks in a straight line, which we shall call the x-axis,
with the positive direction to the right. As an observant physicist, you
make measurements of this cat’s motion and construct a graph of the
feline’s velocity as a function of time (Fig. E2.26). (a) Find the cat’s
velocity at = 4.0 s and at ¢t = 7.0 s. (b) What is the cat’s acceleration
att = 3.0s?Att = 6.0s? Att = 7.0 s? (c) What distance does the cat
move during the first 4.5 s? From ¢ = Otot = 7.0 s? (d) Assuming that
the cat started at the origin, sketch clear graphs of the cat’s acceleration
and position as functions of time.

Figure E2.26
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2.27 » BIO Are We Martians? It has been suggested, and not face-
tiously, that life might have originated on Mars and been carried to the
earth when a meteor hit Mars and blasted pieces of rock (perhaps con-
taining primitive life) free of the Martian surface. Astronomers know
that many Martian rocks have come to the earth this way. (For instance,
search the Internet for “ALH 84001.”) One objection to this idea is that
microbes would have had to undergo an enormous lethal acceleration
during the impact. Let us investigate how large such an acceleration
might be. To escape Mars, rock fragments would have to reach its es-
cape velocity of 5.0 km/s, and that would most likely happen over a
distance of about 4.0 m during the meteor impact. (a) What would be
the acceleration (in m/s2 and g’s) of such a rock fragment, if the ac-
celeration is constant? (b) How long would this acceleration last? (c) In
tests, scientists have found that over 40% of Bacillus subtilis bacteria
survived after an acceleration of 450,000g. In light of your answer to
part (a), can we rule out the hypothesis that life might have been blasted
from Mars to the earth?



2.28 » Two cars, A and B, move Figure E2.28

along the x-axis. Figure E2.28 is a X (m)

graph of the positions of A and B ver- 55 |

sus time. (a) In motion diagrams (like 20 L A
Figs. 2.13b and 2.14b), show the posi-

tion, velocity, and acceleration of each 15+ B
of thetwocarsatf = 0,7 = 1s,and 10
t = 3s. (b) At what time(s), if any, 5+
do A and B have the same position? 1 | 1 L 1(s)
(c) Graph velocity versus time for % 2 3 4

both A and B. (d) At what time(s), if

any, do A and B have the same velocity?

(e) At what time(s), if any, does car A Figure E2.29
9 . .
pass car B? (f) At what time(s), if any, v, (mfs)
does car B pass car A?
2.29 ee The graph in Fig. E229 0
R 45

shows the velocity of a motorcycle

. . 40
police officer plotted as a function
of time. (a) Find the instantaneous 3(5)
acceleration at t = 3,1t = 7s, and 5
t = 11 s. (b) How far does the offi- 0
cer go in the first 5 s? The first 9 s? .
The first 13 s? 10
2.30 ee A small block has con- 5
stant acceleration as it slides down 1)
a frictionless incline. The block is O| 2 46 8101214

released from rest at the top of the

incline, and its speed after it has

traveled 6.80 m to the bottom of the incline is 3.80 m/s. What is the
speed of the block when it is 3.40 m from the top of the incline?

2.31 ee (a) If a flea can jump straight up to a height of 0.440 m,
what is its initial speed as it leaves the ground? (b) How long is it in
the air?

2.32 ee A small rock is thrown vertically upward with a speed of
22.0 m/s from the edge of the roof of a 30.0-m-tall building. The rock
doesn’t hit the building on its way back down and lands on the street
below. Ignore air resistance. (a) What is the speed of the rock just before
it hits the street? (b) How much time elapses from when the rock is
thrown until it hits the street?

SECTION 2.5 Freely Falling Objects

2.33 e A juggler throws a bowling pin straight up with an initial speed
of 8.20 m/s. How much time elapses until the bowling pin returns to the
juggler’s hand?

2.34 ee You throw a glob of putty straight up toward the ceiling,
which is 3.60 m above the point where the putty leaves your hand. The
initial speed of the putty as it leaves your hand is 9.50 m/s. (a) What is
the speed of the putty just before it strikes the ceiling? (b) How much
time from when it leaves your hand does it take the putty to reach the
ceiling?

2.35 ee A tennis ball on Mars, where the acceleration due to grav-
ity is 0.379g and air resistance is negligible, is hit directly upward
and returns to the same level 8.5 s later. (a) How high above its origi-
nal point did the ball go? (b) How fast was it moving just after it
was hit? (c¢) Sketch graphs of the ball’s vertical position, vertical
velocity, and vertical acceleration as functions of time while it’s in
the Martian air.

2.36 ee Estimate the maximum height that you can throw a tennis ball
straight up. (a) For this height, how long after the ball leaves your hand
does it return to your hand? (b) Estimate the distance that the ball moves
while you are throwing it—that is, the distance from where the ball is
when you start your throw until it leaves your hand. Calculate the average
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acceleration in m/s” that the ball has while it is being thrown, as it moves
from rest to the point where it leaves your hand.

2.37 ee A rock is thrown straight up with an initial speed of 24.0 m/s.
Neglect air resistance. (a) At ¢+ = 1.0 s, what are the directions of the
velocity and acceleration of the rock? Is the speed of the rock increasing
or decreasing? (b) At + = 3.0 s, what are the directions of the veloc-
ity and acceleration of the rock? Is the speed of the rock increasing or
decreasing?

2.38 ee A brick is dropped (zero initial speed) from the roof of a
building. The brick strikes the ground in 1.90 s. You may ignore air
resistance, so the brick is in free fall. (a) How tall, in meters, is the
building? (b) What is the magnitude of the brick’s velocity just before it
reaches the ground? (c) Sketch ay-t, vy, and y-f graphs for the motion
of the brick.

2.39 e A Simple Reaction-Time Test. A meter stick is held verti-
cally above your hand, with the lower end between your thumb and first
finger. When you see the meter stick released, you grab it with those
two fingers. You can calculate your reaction time from the distance
the meter stick falls, read directly from the point where your fingers
grabbed it. (a) Derive a relationship for your reaction time in terms of
this measured distance, d. (b) If the measured distance is 17.6 cm, what
is your reaction time?

2.40 e Touchdown on the Moon.
A lunar lander is making its descent to
Moon Base I (Fig. E2.40). The lander
descends slowly under the retro-thrust
of its descent engine. The engine is cut
off when the lander is 5.0 m above the
surface and has a downward speed of
0.8 m/s.With the engine off, the lander
is in free fall. What is the speed of the
lander just before it touches the sur-
face? The acceleration due to gravity
on the moon is 1.6 m/s’.

2.41 e Launch Failure. A 7500kg
rocket blasts off vertically from
the launch pad with a constant upward acceleration of 2.25 m/s2
and feels no appreciable air resistance. When it has reached a
height of 525 m, its engines suddenly fail; the only force act-
ing on it is now gravity. (a) What is the maximum height this
rocket will reach above the launch pad? (b) How much time will
elapse after engine failure before the rocket comes crashing down
to the launch pad, and how fast will it be moving just before
it crashes? (c) Sketch ay,-f, v-t, and y-t graphs of the rocket’s
motion from the instant of blast-off to the instant just before it strikes
the launch pad.

Figure E2.40

5.0m

2.42 e A hot-air balloonist, rising Figure E2.42
vertically with a constant velocity of _
magnitude 5.00 m/s, releases a sandbag fu = 500m/s

at an instant when the balloon is 40.0 m
above the ground (Fig. E2.42). After
the sandbag is released, it is in free fall.
(a) Compute the position and veloc-
ity of the sandbag at 0.250 s and
1.00 s after its release. (b) How many
seconds after its release does the
bag strike the ground? (c¢) With what
magnitude of velocity does it strike
the ground? (d) What is the greatest
height above the ground that the sand-
bag reaches? (e) Sketch ay-t, vy-1, and
y-t graphs for the motion.
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2.43 e You throw a rock straight up and find that it returns to your
hand 3.60 s after it left your hand. Neglect air resistance. What was the
maximum height above your hand that the rock reached?

2.44 o 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. (a) 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) Sketch ay-t, v,-t, and y-t graphs for the motion of the egg.

2.45 ee A 15 kg rock is dropped from rest on the earth and reaches the
ground in 1.75 s. When it is dropped from the same height on Saturn’s
satellite Enceladus, the rock reaches the ground in 18.6 s. What is the
acceleration due to gravity on Enceladus?

2.46 e A large boulder is ejected vertically upward from a volcano with
an initial speed of 40.0 m/s. Ignore air resistance. (a) At what time after
being ejected is the boulder moving at 20.0 m/s upward? (b) At what
time is it moving at 20.0 m/s downward? (c) When is the displacement
of the boulder from its initial position zero? (d) When is the velocity of the
boulder zero? (e) What are the magnitude and direction of the accelera-
tion while the boulder is (i) moving upward? (ii) Moving downward? (iii)
At the highest point? (f) Sketch a,-t, v,-t, and y-t graphs for the motion.
2.47 e You throw a small rock straight up from the edge of a bridge that
crosses a river. The rock passes you on its way down, 6.00 s after it was
thrown. What is the speed of the rock just before it reaches the water 28.0 m
below the point where the rock left your hand? Ignore air resistance.

Section 2.6 Velocity and Position by Integration

2.48 ee Consider the motion described by the v,-f graph of Fig. E2.26.
(a) Calculate the area under the graph between t = 0 and t = 6.0s.
(b) For the time interval t = 0 tot = 6.0 s, what is the magnitude of the
average velocity of the cat? (c) Use constant-acceleration equations to
calculate the distance the cat travels in this time interval. How does your
result compare to the area you calculated in part (a)?

2.49 o CALC A rocket starts from rest and moves upward from the
surface of the earth. For the first 10.0 s of its motion, the vertical ac-
celeration of the rocket is given by a, = (2.80 m/s*)z, where the
+y-direction is upward. (a) What is the lieight of the rocket above the
surface of the earth at + = 10.0 s? (b) What is the speed of the rocket
when it is 325 m above the surface of the earth?

2.50 eo CALC A small object moves along the x-axis with accelera-
tion a,(f) = —(0.0320 m/s*)(15.0s — ). At 1 = 0 the object is at
x = —14.0 m and has velocity vy, = 8.00 m/s. What is the x-coordinate
of the object when t = 10.0 s?

2.51 ee CALC The acceleration of a motorcycle is given by
a,(t) = At — Bi*, where A = 1.50m/s> and B = 0.120 m/s*. The
motorcycle is at rest at the origin at time ¢ = 0. (a) Find its position and ve-
locity as functions of time. (b) Calculate the maximum velocity it attains.
2.52 ee CALC The acceleration of a bus is given by a.(t) = af,
where a = 1.2m/s’. (a) If the bus’s velocity at time ¢t = 1.0s
is 5.0 m/s, what is its velocity at time ¢ = 2.0s? (b) If the bus’s
position at time 7 = 1.0s is 6.0 m, what is its position at time
t = 2.0s? (c) Sketch ay-t, Uyt, and x-t graphs for the motion.

PROBLEMS

2.53 o BIO A typical male sprinter can maintain his maximum accel-
eration for 2.0 s, and his maximum speed is 10 m/s. After he reaches
this maximum speed, his acceleration becomes zero, and then he runs at
constant speed. Assume that his acceleration is constant during the first

2.0 s of the race, that he starts from rest, and that he runs in a straight
line. (a) How far has the sprinter run when he reaches his maximum
speed? (b) What is the magnitude of his average velocity for a race of
these lengths: (i) 50.0 m; (ii) 100.0 m; (iii) 200.0 m?

2.54 o CALC A lunar lander is descending toward the moon’s surface.
Until the lander reaches the surface, its height above the surface of the
moon is given by y(f) = b — ¢t + di?, where b = 800 m is the initial
height of the lander above the surface, ¢ = 60.0 m/s,andd = 1.05 m/s’.
(a) What is the initial velocity of the lander, at t = 0? (b) What is the
velocity of the lander just before it reaches the lunar surface?

2.55 eee Earthquake Analysis. Earthquakes produce several types
of shock waves. The most well known are the P-waves (P for primary or
pressure) and the S-waves (S for secondary or shear). In the earth’s crust,
P-waves travel at about 6.5 km/s and S-waves move at about 3.5 km/s.
The time delay between the arrival of these two waves at a seismic record-
ing station tells geologists how far away an earthquake occurred. If the time
delay is 33 s, how far from the seismic station did the earthquake occur?
2.56 ee You throw a small rock straight up with initial speed V; from
the edge of the roof of a building that is a distance H above the ground.
The rock travels upward to a maximum height in time 7;,,,, misses the
edge of the roof on its way down, and reaches the ground in time Ty
after it was thrown. Neglect air resistance. If the total time the rock is in
the air is three times the time it takes it to reach its maximum height, so
Tiota = 3Tmax» then in terms of H what must be the value of V;?

2.57 eee A rocket carrying a satellite is accelerating straight up from the
earth’s surface. At 1.15 s after liftoff, the rocket clears the top of its launch
platform, 63 m above the ground. After an additional 4.75 s, it is 1.00 km
above the ground. Calculate the magnitude of the average velocity of the
rocket for (a) the 4.75 s part of its flight and (b) the first 5.90 s of its flight.
2.58 ee A block moving on a horizontal surface is at x = 0 when
t = 0 and is sliding east with a speed of 12.0 m/s. Because of a net force
acting on the block, it has a constant acceleration with direction west
and magnitude 2.00 m/ s2. The block travels east, slows down, reverses
direction, and then travels west with increasing speed. (a) At what value
of ¢ is the block again at x = 0? (b) What is the maximum distance
east of x = O that the rock reaches, and how long does it take the
rock to reach this point?

2.59 ee A block is sliding with constant acceleration down an incline.
The block starts from rest at £ = 0 and has speed 3.00 m/s after it has
traveled a distance 8.00 m from its starting point. (a) What is the speed of
the block when it is a distance of 16.0 m from its # = 0 starting point? (b)
How long does it take the block to slide 16.0 m from its starting point?
2.60 eee Ap underground train starts from rest at a station and accel-
erates at a rate of 1.60 m/s” for 14.0 s. It runs at constant speed for 70.0
s and slows down at a rate of 3.50 m/s® until it stops at the next station.
Find the total distance covered.

2.61 e A gazelle is running in a straight line (the x-axis). The graph in
Fig. P2.61 shows this animal’s velocity as a function of time. During
the first 12.0 s, find (a) the total distance moved and (b) the displace-
ment of the gazelle. (c) Sketch an a,-t graph showing this gazelle’s
acceleration as a function of time for the first 12.0 s.

Figure P2.61 v, (m/s)
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2.62 ee Collision. The engineer of a passenger train traveling at
25.0 m/s sights a freight train whose caboose is 200 m ahead on the
same track (Fig. P2.62). The freight train is traveling at 15.0 m/s in the
same direction as the passenger train. The engineer of the passenger
train immediately applies the brakes, causing a constant acceleration
of 0.100 m/s? in a direction opposite to the train’s velocity, while the
freight train continues with constant speed. Take x = 0 at the location
of the front of the passenger train when the engineer applies the brakes.
(a) Will the cows nearby witness a collision? (b) If so, where will it take
place? (c) On a single graph, sketch the positions of the front of the pas-
senger train and the back of the freight train.

Figure P2.62

vpr = 25.0 m/s

a = —0.100 m/s>

2.63 eee A ball starts from rest and rolls down a hill with uniform ac-
celeration, traveling 200 m during the second 5.0 s of its motion. How
far did it roll during the first 5.0 s of motion?

2.64 e A rock moving in the +x-direction with speed 16.0 m/s has a
net force applied to it at time t = 0, and this produces a constant accel-
eration in the —x-direction that has magnitude 4.00 m/ s2. For what three
times ¢ after the force is applied is the rock a distance of 24.0 m from its
position at t = 0? For each of these three values of #, what is the velocity
(magnitude and direction) of the rock?

2.65 o A car and a truck start from rest at the same instant, with the
car initially at some distance behind the truck. The truck has a constant
acceleration of 2.10 m/ §2, and the car has an acceleration of 3.40 m/s>.
The car overtakes the truck after the truck has moved 60.0 m. (a) How
much time does it take the car to overtake the truck? (b) How far was
the car behind the truck initially? (c) What is the speed of each when
they are abreast? (d) On a single graph, sketch the position of each vehi-
cle as a function of time. Take x = 0 at the initial location of the truck.

2.66 ee You are standing at rest at a bus stop. A bus moving at a con-
stant speed of 5.00 m/s passes you. When the rear of the bus is 12.0 m
past you, you realize that it is your bus, so you start to run toward it with
a constant acceleration of 0.960 m/s>. How far would you have to run
before you catch up with the rear of the bus, and how fast must you be
running then? Would an average college student be physically able to
accomplish this?

2.67 ee A sprinter runs a 100 m dash in 12.0 s. She starts from rest
with a constant acceleration a, for 3.0 s and then runs with constant
speed for the remainder of the race. What is the value of a,?

2.68 ee CALC An object’s velocity is measured to be v,(f) = a — Br?,
where @ = 4.00 m/s and 8 = 2.00 m/s3, Att = 0 the objectisatx = 0.
(a) Calculate the object’s position and acceleration as functions of time.
(b) What is the object’s maximum positive displacement from the origin?
2.69 ee CALC An object is moving along the x-axis. At r = 0 it is at
x = 0. Its x-component of velocity v, as a function of time is given by
v(0) = at — B, where & = 8.0 m/s> and B = 4.0 m/s*. (a) At what
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nonzero time ¢ is the object again at x = 07 (b) At the time calculated in
part (a), what are the velocity and acceleration of the object (magnitude
and direction)?

2.70 ¢ Egg Drop. You are on the Figure P2.70

roof of the physics building, 46.0 m » o
above the ground (Fig. P2.70). Your

physics professor, who is 1.80 m tall, ElRjE[E

is walking alongside the building at LU

a constant speed of 1.20 m/s. If you HELL

wish to drop an egg on your profes- Hoo

sor’s head, where should the profes- HE 46.0 m
sor be when you release the egg? g
Assume that the egg is in free fall. doad

2.71 eee CALC The acceleration ; = |20 m/s gt

of a particle is given by a.(t) = \ dHdd
—2.00 m/s> + (3.00 m/s*)1. @ 180 mTl.» HO0H

Find the initial velocity vy, such that
the particle will have the same x-
coordinate at t = 4.00 s as it had at
t = 0. (b) What will be the velocity at t = 4.00 s?

2.72 ee A small rock is thrown straight up with initial speed vy from
the edge of the roof of a building with height H. The rock travels up-
ward and then downward to the ground at the base of the building. Let
+y be upward, and neglect air resistance. (a) For the rock’s motion from
the roof to the ground, what is the vertical component v,,., of its aver-
age velocity? Is this quantity positive or negative? Explain. (b) What
does your expression for v,,., give in the limit that H is zero? Explain.
(c) Show that your result in part (a) agrees with Eq. (2.10).

2.73 ee A watermelon is dropped from the edge of the roof of a build-
ing and falls to the ground. You are standing on the pavement and see
the watermelon falling when it is 30.0 m above the ground. Then 1.50 s
after you first spot it, the watermelon lands at your feet. What is the
height of the building? Neglect air resistance.

2.74 eee A flowerpot falls off a windowsill and passes the window
of the story below. Ignore air resistance. It takes the pot 0.380 s to pass
from the top to the bottom of this window, which is 1.90 m high. How
far is the top of the window below the windowsill from which the flow-
erpot fell?

2.75 eee Look Out Below. Kemal heaves a 7.26 kg shot straight
up, giving it a constant upward acceleration from rest of 35.0 m/s” for
64.0 cm. He releases it 2.20 m above the ground. Ignore air resistance.
(a) What is the speed of the shot when Kemal releases it? (b) How high
above the ground does it go? (¢) How much time does he have to get out
of its way before it returns to the height of the top of his head, 1.83 m
above the ground?

2.76 eee A Multistage Rocket. In the first stage of a two-stage
rocket, the rocket is fired from the launch pad starting from rest but
with a constant acceleration of 3.50 m/s upward. At 25.0 s after launch,
the second stage fires for 10.0 s, which boosts the rocket’s velocity to
132.5 m/s upward at 35.0 s after launch. This firing uses up all of the
fuel, however, so after the second stage has finished firing, the only
force acting on the rocket is gravity. Ignore air resistance. (a) Find the
maximum height that the stage-two rocket reaches above the launch
pad. (b) How much time after the end of the stage-two firing will it take
for the rocket to fall back to the launch pad? (c) How fast will the stage-
two rocket be moving just as it reaches the launch pad?

2.77 ee Two stones are thrown vertically upward from the ground, one
with three times the initial speed of the other. (a) If the faster stone takes
10 s to return to the ground, how long will it take the slower stone to re-
turn? (b) If the slower stone reaches a maximum height of H, how high
(in terms of H) will the faster stone go? Assume free fall.
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2.78 eee During your summer internship for an aerospace company, you
are asked to design a small research rocket. The rocket is to be launched
from rest from the earth’s surface and is to reach a maximum height of
960 m above the earth’s surface. The rocket’s engines give the rocket an
upward acceleration of 16.0 m/! $2 during the time 7 that they fire. After the
engines shut off, the rocket is in free fall. Ignore air resistance. What must
be the value of T in order for the rocket to reach the required altitude?
2.79 eee A helicopter carrying Dr. Evil takes off with a constant up-
ward acceleration of 5.0 m/s’. Secret agent Austin Powers jumps on
just as the helicopter lifts off the ground. After the two men struggle
for 10.0 s, Powers shuts off the engine and steps out of the helicop-
ter. Assume that the helicopter is in free fall after its engine is shut off,
and ignore the effects of air resistance. (a) What is the maximum height
above ground reached by the helicopter? (b) Powers deploys a jet pack
strapped on his back 7.0 s after leaving the helicopter, and then he has
a constant downward acceleration with magnitude 2.0 m/s>. How far is
Powers above the ground when the helicopter crashes into the ground?
2.80 ee CIliff Height. You are climbing in the Altai when you sud-
denly find yourself at the edge of a fog-shrouded cliff. To find the height
of this cliff, you drop a rock from the top; 8.00 s later you hear the sound
of the rock hitting the ground at the foot of the cliff. (a) If you ignore
air resistance, how high is the cliff if the speed of sound is 330 m/s?
(b) Suppose you had ignored the time it takes the sound to reach you. In
that case, would you have overestimated or underestimated the height of
the cliff? Explain.

2.81 ee CALC An object is moving along the x-axis. At t = 0 it has
velocity vo, = 20.0 m/s. Starting at time ¢ = 0 it has acceleration
a, = —Ct, where C has units of m/s3. (a) What is the value of C if the
object stops in 8.00 s after 1 = 0? (b) For the value of C calculated in
part (a), how far does the object travel during the 8.00 s?

2.82 ee A ball is thrown straight up from the ground with speed vy.
At the same instant, a second ball is dropped from rest from a height H,
directly above the point where the first ball was thrown upward. There
is no air resistance. (a) Find the time at which the two balls collide.
(b) Find the value of H in terms of v, and g such that at the instant when
the balls collide, the first ball is at the highest point of its motion.

2.83 ¢ CALC Cars A and B travel in a straight line. The dis-
tance of A from the starting point is given as a function of time by
x4(1) = at + B2, witha = 2.60 m/s and 8 = 1.20 m/s’. The distance
of B from the starting point is x(r) = y> — 613, with y = 2.80 m/s’
and & = 0.20 m/s>. (a) Which car is ahead just after the two cars leave
the starting point? (b) At what time(s) are 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(s) do A and B have the same acceleration?
2.84 e DATA In your physics lab you release a small glider from
rest at various points on a long, frictionless air track that is inclined
at an angle 6 above the horizontal. With an electronic photocell, you
measure the time 7 it takes the glider to slide a distance x from the re-
lease point to the bottom of the track. Your measurements are given in
Fig. P2.84, which shows a second-order polynomial (quadratic) fit to
the plotted data. You are asked to find the glider’s acceleration, which
is assumed to be constant. There is some error in each measurement,
so instead of using a single set of x and ¢ values, you can be more ac-
curate if you use graphical methods and obtain your measured value of
the acceleration from the graph. (a) How can you re-graph the data so
that the data points fall close to a straight line? (Hint: You might want to
plot x or ¢, or both, raised to some power.) (b) Construct the graph you
described in part (a) and find the equation for the straight line that is the
best fit to the data points. (c) Use the straight-line fit from part (b) to
calculate the acceleration of the glider. (d) The glider is released at a
distance x = 1.35 m from the bottom of the track. Use the acceleration
value you obtained in part (c) to calculate the speed of the glider when it
reaches the bottom of the track.

Figure P2.84
t(s)
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

(m)

X
0 0.50 1.00 1.50 2.00 2.50 3.00

2.85 ee DATA In a physics lab experiment, you release a small steel
ball at various heights above the ground and measure the ball’s speed
just before it strikes the ground. You plot your data on a graph that has
the release height (in meters) on the vertical axis and the square of the
final speed (in mz/sz) on the horizontal axis. In this graph your data
points lie close to a straight line. (a) Using g = 9.80 m/s and ignoring
the effect of air resistance, what is the numerical value of the slope of
this straight line? (Include the correct units.) The presence of air resis-
tance reduces the magnitude of the downward acceleration, and the ef-
fect of air resistance increases as the speed of the object increases. You
repeat the experiment, but this time with a tennis ball as the object being
dropped. Air resistance now has a noticeable effect on the data. (b) Is
the final speed for a given release height higher than, lower than, or the
same as when you ignored air resistance? (c) Is the graph of the release
height versus the square of the final speed still a straight line? Sketch
the qualitative shape of the graph when air resistance is present.

2.86 eee DATA A model car starts from rest and travels in a straight
line. A smartphone mounted on the car has an app that transmits the
magnitude of the car’s acceleration (measured by an accelerometer)
every second. The results are given in the table:

Time (s) Acceleration (m/s?)
0 5.95
1.00 5.52
2.00 5.08
3.00 4.55
4.00 3.96
5.00 3.40

Each measured value has some experimental error. (a) Plot acceleration
versus time and find the equation for the straight line that gives the best
fit to the data. (b) Use the equation for a(f) that you found in part (a)
to calculate v(r), the speed of the car as a function of time. Sketch the
graph of v versus t. Is this graph a straight line? (c) Use your result from
part (b) to calculate the speed of the car at # = 5.00 s. (d) Calculate the
distance the car travels between t = 0 and t = 5.00 s.

CHALLENGE PROBLEMS

2.87 eee In the vertical jump, an athlete starts from a crouch and
jumps upward as high as possible. Even the best athletes spend little
more than 1.00 s in the air (their “hang time”). Treat the athlete as a
particle and let y,,,« be his maximum height above the floor. To explain
why he seems to hang in the air, calculate the ratio of the time he is
above yy4,/2 to the time it takes him to go from the floor to that height.
Ignore air resistance.



2.88 eee Catching the Bus. A student is running at her top speed
of 5.0 m/s to catch a bus, which is stopped at the bus stop. When the
student is still 40.0 m from the bus, it starts to pull away, moving with
a constant acceleration of 0.170 m/ 2. (a) For how much time and what
distance does the student have to run at 5.0 m/s before she overtakes
the bus? (b) When she reaches the bus, how fast is the bus traveling? (c)
Sketch an x-f graph for both the student and the bus. Take x = 0 at the
initial position of the student. (d) The equations you used in part (a) to
find the time have a second solution, corresponding to a later time for
which the student and bus are again at the same place if they continue
their specified motions. Explain the significance of this second solution.
How fast is the bus traveling at this point? (e) If the student’s top speed
is 3.5 m/s, will she catch the bus? (f) What is the minimum speed the
student must have to just catch up with the bus? For what time and what
distance does she have to run in that case?

2.89 eee A ball is thrown straight up from the edge of the roof of a
building. A second ball is dropped from the roof 1.00 s later. Ignore
air resistance. (a) If the height of the building is 20.0 m, what must the
initial speed of the first ball be if both are to hit the ground at the same
time? On the same graph, sketch the positions of both balls as a func-
tion of time, measured from when the first ball is thrown. Consider the
same situation, but now let the initial speed vy of the first ball be given
and treat the height /4 of the building as an unknown. (b) What must
the height of the building be for both balls to reach the ground at the
same time if (i) vy is 6.0 m/s and (i) vy is 9.5 m/s? (c) If vy is greater
than some value Up,,¢, NO value of A exists that allows both balls to hit
the ground at the same time. Solve for vp,,,. The value vy,,, has a simple
physical interpretation. What is it? (d) If vy is less than some value vy,
no value of /4 exists that allows both balls to hit the ground at the same
time. Solve for v,;,. The value v,,;, also has a simple physical interpreta-
tion. What is it?

ANSWERS
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MCAT-STYLE PASSAGE PROBLEMS

BIO Blood Flow in the Heart. The human circulatory system is
closed—that is, the blood pumped out of the left ventricle of the heart
into the arteries is constrained to a series of continuous, branching ves-
sels as it passes through the capillaries and then into the veins as it re-
turns to the heart. The blood in each of the heart’s four chambers comes
briefly to rest before it is ejected by contraction of the heart muscle.
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) is 0.80 m/s at the end of the
contraction, what is the average acceleration of a red blood cell as it leaves the
heart? (a) 310 m/s%; (b) 31 m/s?; (c) 3.2 m/s% (d) 0.32 m/s>.

2.91 If the aorta (diameter d,) branches into two equal-sized arteries
with a combined area equal to that of the aorta, what is the diameter of
one of the branches? (a) Vd,; (b) d,/V?2; (c) 2dy; (d) d, /2.

2.92 The velocity of blood in the aorta can be measured directly with ul-
trasound techniques. A typical graph of blood velocity versus time dur-
ing a single heartbeat is shown in Fig. P2.92. Which statement is the best
interpretation of this graph? (a) The blood flow changes direction at about
0.25 s; (b) the speed of the blood flow begins to decrease at about 0.10 s;
(c) the acceleration of the blood is greatest in magnitude at about 0.25 s;
(d) the acceleration of the blood is greatest in magnitude at about 0.10 s.

Figure P2.92 Lok
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Chapter Opening Question ?

(iii) Acceleration refers to any change in velocity, including both speed-
ing up and slowing down.

Key Example \/ARIATION Problems

VP2.5.1 (a)4.5s(b) 81 m

VP2.5.2 (a)4.80 m/s”> (b) 375 m

VP2.5.3 (a) 11.1 s (b) 222 m (c) 10.0 m/s

VP2.5.4 (a)t = 2uc/(ar + ac) (b) x = 2atvc/(ar + ac)?

VP2.7.1 (a) y = 3.16 m, v, = 9.06 m/s, above your hand and moving
upward (b) y = —1.92m, v, = —13.5 m/s, below your hand and mov-
ing downward

VP2.7.2 (a)y = =23.0m, v, = —22.7 m/s (b) v, = =149 m/s

VP2.7.3 (a) 8.87 m/s (b) 0.854 s

VP2.7.4 (a) V2gH (b) VgH = 1/\/2 = 0.707 times the speed at
which it left your hand (c) 3H/4

VP2.8.1 (a) 0.398 sand 2.05s (b) 2.75 s

VP2.8.2 0.447 s

VP2.8.3 (a)two;t = 0.338 s (moving upward) and r = 0.784 s (mov-
ing downward) (b) none

VP2.8.4 (a) t = vp/g (neither upward nor downward) (b) t = vy/2g
(upward), t = 3uvp/2g (downward)

Bridging Problem
h=571m



If a cyclist is going around a curve at

@ constant speed, is he accelerating? If
so, what is the direction of his acceleration?
(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 OUTCOMES

In this chapter, you’ll learn...

3.1

3.2

3.3

3.4

3.5

How to use vectors to represent the posi-
tion and velocity of a particle in two or
three dimensions.

How to find the vector acceleration of a
particle, why a particle can have an ac-
celeration even if its speed is constant,
and how to interpret the components of
acceleration parallel and perpendicular
to a particle’s path.

How to solve problems that involve the
curved path followed by a projectile.
How to analyze motion in a circular
path, with either constant speed or
varying speed.

How to relate the velocities of a moving
object as seen from two different frames
of reference.

You'll need to review...

2.1

2.2
2.3
2.4

2.5
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Average x-velocity.

Instantaneous x-velocity.

Average and instantaneous
x-acceleration.

Straight-line motion with constant
acceleration.

The motion of freely falling objects.

hat determines where a batted baseball lands? How do you describe the mo-

tion of a roller coaster car along a curved track or the flight of a circling hawk?

Which hits the ground first: a cricket ball that you simply drop or one that you
throw horizontally?

We can’t answer these kinds of questions by using the techniques of Chapter 2, in
which particles moved only along a straight line. Instead, we need to extend our descrip-
tions of motion to two- and three-dimensional situations. We’ll still use the vector quanti-
ties displacement, velocity, and acceleration, but now these quantities will no longer lie
along a single line. We’ll find that several important kinds of motion take place in two
dimensions only—that is, in a plane.

We also need to consider how the motion of a particle is described by different observ-
ers who are moving relative to each other. The concept of relative velocity will play an
important role later in the book when we explore electromagnetic phenomena and when
we introduce Einstein’s special theory of relativity.

This chapter merges the vector mathematics of Chapter 1 with the kinematic 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.

m POSITION AND VELOCITY VECTORS

Let’s see how to describe a particle’s motion in space. If the particle is at a point P at a
certain instant, the position vector 7 of the particle at this instant is a vector that goes
from the origin of the coordinate system to point P (Fig. 3.1). The Cartesian coordinates
x, v, and z of point P are the x-, y-, and z-components of vector . Using the unit vectors we
introduced in Section 1.9, we can write

Position vector of a
particle at a given instant -+

A = )Cl + y] + Z Coqrdnzales (?I'
A particle’s position
y-, and z dneutlons--- .......................

(3.1)

Unit vectors in x-



During a time interval At the particle moves from P, where its position vector is 71, to
P>, where its position vector is 7,. The change in position (the displacement) during this in-
tervalis AF =% — Fi = (xp — x1)1 + (0 — 1)] + (220 — z1)k. We define the average
velocity U, during this interval in the same way we did in Chapter 2 for straight-line mo-
tion, as the displacement divided by the time interval (Fig. 3.2):

Change in the particle’s position vector

Final position
minus initial (3.2)
position

Average velocity vector =
of a particle during time v
interval from #, to #,

‘«a - —

AF ry—F

av = A, T . .
LA =

Time interval Final time minus initial time

Dividing a vector by a scalar is a special case of multiplying a vector by a scalar, described
in Section 1.7; the average velocity U,, is equal to the displacement vector A7 multiplied
by 1/At. Note that the x-component of Eq. (3.2) i Uyy.x = (o — x1)/(r — 11) = Ax/At.
This is just Eq. (2.2), the expression for average x-velocity 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 instan-
taneous rate of change of position with time. The key difference is that both position ¥ and
instantaneous velocity U are now vectors:

The instantanef)us velocity ... R ) AF dar
vector of a particle ... vV=1lm — = —
JAi—0 At dt
d
... equals the limit of its average velocity
vector as the time interval approaches zero ...

(353)

... and equals the instantaneous rate
of change of its position vector.

At any instant, the magnitude of U is the speed v of the particle at that instant, and the
direction of U is the direction in which the particle is moving at that instant.

As At — 0, points P; and P, in Fig. 3.2 move closer and closer together. In this limit,
the vector A7 becomes tangent to the path. The direction of A7 in this limit is also the di-
rection of U. So at every point along the path, the instantaneous velocity vector is tangent
to the path at that point (Fig. 3.3).

It’s often easiest to calculate the instantaneous velocity vector by using components.
During any displacement AF, the changes Ax, Ay, and Az in the three coordinates of
the particle are the components of AF. It follows that the components v, vy, and v, of the
instantaneous velocity v = v,1 + vy} + v,k are simply the time derivatives of the coordi-
nates x, y, and z:

Each component of a particle’s instantaneous velocity vector ...
" dx  u dy dz
v,=— UV,=— Uv,=—
Y adt Y adt © Lt

... equals the instantaneous rate of change of its corresponding coordinate.

(3.4)

The x-component of U is v, = dx/dt, which is the same as Eq. (2.3) for straight-line mo-
tion (see Section 2.2). Hence Eq. (3.4) is a direct extension of instantaneous velocity to
motion in three dimensions.

_ We can also get Eq. (3.4) by taking the derivative of Eq. (3.1). The unit vectors 1, 7, and
k don’t depend on time, so their derivatives are zero and we find

dr _dx,  dy, dz-
5= =55 D5 &
dt

= —= 3.5
v dt dt dt (3.5)

This shows again that the components of ¥ are dx/dt, dy/dt, and dz/dt.
The magnitude of the instantaneous velocity vector t—that is, the speed—is given in
terms of the components v,, vy, and v, by the Pythagorean relationship:

6] =v = Vo2 + v + v}

(3.6)
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Figure 3.1 The position vector 7 from
origin O to point P has components x, y,
and z.

y

Position P of a particle
at a given time has

Ye. _coordinates x, y, z.
s =

Position vector of point P
has components X, ¥, 2
F=xi+ y] + zk.

Figure 3.2 The average velocity Uy,
between points P; and P has the same
direction as the displacement A7.

y Position at time #,
'.‘“ ;7

5. = Ar

Uy = At

Displacement
w.....vector AF points
from P, to P,.

v
- 1
e P‘.

Re wn at time 7,
!

1 x
Particle’s path

Figure 3.3 The vectors ¥; and U, are the
instantaneous velocities at the points P
and P, shown in Fig. 3.2.

y

Py

The instantaneous \
velocity vector vis 1\ J/
tangent to the path
at each point. .

Particle’s path
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Figure 3.4 The two velocity components

for motion in the xy-plane.

The instantaneous velocity vector ¥
is always tangent to the path.

= m>

Ol v;and v, are the x- and y-
components of v.

} Particle’s path in
} the xy-plane

X

Figure 3.4 shows the situation when the particle moves in the xy-plane. In this case,
z and v, are zero. Then the speed (the magnitude of ¥) is

v = \/Uf%—Uy2

and the direction of the instantaneous velocity ¥ is given by angle « (the Greek letter
alpha) in the figure. We see that

vy
tana = — (3.7)
U.)C

(We use « for the direction of the instantaneous velocity vector to avoid confusion with

the direction 6 of the position vector of the particle.)
From now on, when we use the word “velocity,” we’ll always mean the instantaneous
velocity vector U (rather than the average velocity vector). Usually, we won’t even bother
to call U a vector; it’s up to you to remember that velocity is a vector quantity with both

magnitude and direction.

EXAMPLE 3.1 Calculating average and instantaneous velocity

A robotic vehicle, or rover, is exploring the surface of Mars. The sta-
tionary Mars lander is the origin of coordinates, and the surrounding
Martian surface lies in the xy-plane. The rover, which we represent as a
point, has x- and y-coordinates that vary with time:

x=20m — (0.25 m/s?)s

y = (1.0m/s)t + (0.025 m/s*)’

(a) Find the rover’s coordinates and distance from the lander at
t = 2.0s. (b) Find the rover’s displacement and average velocity vec-
tors for the interval t = 0.0 s tot = 2.0 s. (c) Find a general expression
for the rover’s instantaneous velocity vector 0. Express U at t = 2.0 s in
component form and in terms of magnitude and direction.

IDENTIFY and SET UP This problem involves motion in two dimen-
sions, so we must use the vector equations obtained in this section.
Figure 3.5 shows the rover’s path (dashed line). We’ll use Eq. (3.1) for
position 7, the expression A7 = 7, — F, for displacement, Eq. (3.2) for
average velocity, and Eqgs. (3.5), (3.6), and (3.7) for instantaneous ve-
locity and its magnitude and direction.

EXECUTE (a) Att = 2.0 s the rover’s coordinates are

x=20m — (025m/s?)(2.0s)?> = 1.0m
y = (1.0m/s)(2.0s) + (0.025m/s*)(2.0s)> = 22m

The rover’s distance from the origin at this time is

r=Va+y'=V(100m? + (22m)> = 24m

(b) To find the displacement and average velocity over the given
time interval, we first express the position vector 7 as a function of time
t. From Eq. (3.1) this is

F=xl+y]
= [20m — (0.25m/s*)r*]7 + [(1.0m/s)r + (0.025 m/s*)F*] ]

Att = 0.0 s the position vector ) is
o= (20m)7 + (0.0 m)J]
From part (a), the position vector 7 at ¢ = 2.0 s is

/= (1.0m)i + (22m)J]

Figure 3.5 At = 0.0 s the rover has position vector F and instan-
taneous velocity vector Uy. Likewise, 7| and U, are the vectors at
t = 1.0's; 7, and U, are the vectors at t = 2.0 s.

The displacement from ¢t = 0.0 s to ¢ = 2.0 s is therefore
AP =F —F=(1.0m)l + (22m)] — (2.0m)1
= (—1.0m)z + (2.2m)j
During this interval the rover moves 1.0 m in the negative x-direction

and 2.2 m in the positive y-direction. From Eq. (3.2), the average veloc-
ity over this interval is the displacement divided by the elapsed time:

. _AF _ (-1.0m)i + (22m)]
YT AT T 205 - 005
= (—0.50m/s)7 + (1.1 m/s)]

~

The components of this average velocity are v,,., = —0.50 m/s and

Ugy-y = 1.1 m/s.

(c) From Eq. (3.4) the components of instantaneous velocity are the
time derivatives of the coordinates:

d
v, = d—x = (—0.25 m/s?)(21)
t
_dy _ 3\ (2,2
o= 1.0m/s + (0.025 m/s’)(3t%)



Hence the instantaneous velocity vector is

U=ul+0y,]
(—0.50 m/s?)id + [1.0 m/s + (0.075 m/s*)r%] ]

Att = 2.0 s the velocity vector U, has components

Uy = (—0.50 m/s?)(2.0s) = —1.0m/s
vy, = 1.0m/s + (0.075m/s*)(2.05)? = 1.3 m/s

The magnitude of the instantaneous velocity (that is, the speed) at
t=120sis

v, = \/sz2+ vzyz = \/(—1.0 m/s)*> + (1.3 m/s)*> = 1.6 m/s

Figure 3.5 shows the direction of velocity vector U,, which is at an
angle a between 90° and 180° with respect to the positive x-axis. From
Eq. (3.7) we have

vy 1.3 m/s
arctan— = arctan——— = —52°
vy —1.0m/s
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This is off by 180°; the correct value is @« = 180° — 52° = 128°, or 38°
west of north.

EVALUATE Compare the components of average velocity from part
(b) for the interval from = 0.0s to t = 2.0s (vy., = —0.50 m/s,
Uayy = 1.1 m/s) with the components of instantaneous velocity at
t = 2.0 s from part (c) (v, = —1.0m/s, v, = 1.3 m/s). Just as in one
dimension, the average velocity vector U,, over an interval is in general
not equal to the instantaneous velocity U at the end of the interval (see
Example 2.1).

Figure 3.5 shows the position vectors 7 and instantaneous velocity
vectors U at ¢t = 0.0's, 1.0 s, and 2.0 s. (Calculate these quantities for
t =0.0s and t = 1.0s.) Notice that U is tangent to the path at every
point. The magnitude of U increases as the rover moves, which means
that its speed is increasing.

KEYCONCEPT To calculate the average velocity vector of an object,
first find its displacement vector during a time interval. Then divide by
the time interval. To calculate the object’s instantaneous velocity vector
(its average velocity vector over an infinitesimally short time interval),
take the derivative of its position vector with respect to time.

TEST YOUR UNDERSTANDING OF SECTION 3.1 In which of these situations would the
average velocity vector Uy, over an interval be equal to the instantaneous velocity ¥ at the end of the
interval? (i) An object moving along a curved path at constant speed; (ii) an object moving along a
curved path and speeding up; (iii) an object moving along a straight line at constant speed; (iv) an

object moving along a straight line and speeding up.
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EFJ THE ACCELERATION VECTOR

Now let’s consider the acceleration of 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 magni-
tude (that is, the speed) and changes in the direction of velocity (that is, the direction in

which the particle is moving).

In Fig. 3.6a, a car (treated as a particle) is moving along a curved road. Vectors U
and U, represent the car’s instantaneous velocities at time #;, when the car is at point

Figure 3.6 (a) A car moving along a curved road from P; to P». (b) How to obtain the change in velocity AU = U, — U,
by vector subtraction. (c) The vector @,, = AU/At represents the average acceleration between P; and Ps.

(a) (b)

U
AP

7 This car accelerates by slowing
/" while rounding a curve. (Its

instantaneous velocity changes in
both magnitude and direction.)

To find the car’s average acceleration between
Py and P,, we first find the change in velocity

(0

: P g, =420
5, | YANCMESLy
H , v

The average acceleration has the same direction
as the change in velocity, AU.

AU by subtracting U, from U,. (Notice that

U, + AG =5,
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Figure 3.7 (a) Instantaneous acceleration
d at point P; in Fig. 3.6. (b) Instantaneous

acceleration for motion along a straight line.

(a) Acceleration: curved trajectory

To find the instantaneous ¥, ->
acceleration P ==

N - 2

aatPy.. v,

T as P, approaches P, ...

a’—_—>

-

///A.. meaning that AG and At
approach 0.

- Acceleration points to
concave side of path.

(b) Acceleration: straight-line trajectory
Only if the trajectory is /,7

a straight line ... Uy
Py

” —
- Av =
- Av

d =lim ==
/ A0 At

- ... is the acceleration
tangent to the trajectory.

BIO APPLICATION Horses on a
Curved Path By leaning to the side and
hitting the ground with their hooves at an
angle, these horses give themselves the
sideways acceleration necessary to make a
sharp change in direction.

... we take the limit of @,,

Py, and at time %, when the car is at point P,. During the time interval from # to %, the
vector change in velocity is Uy — U; = AU, so U, = U; + AU (Fig. 3.6b). The average
acceleration a,, of the car during this time interval is the velocity change divided by
the time interval t, — 1, = Ar:

Change in the particle’s velocit

Average acceleration ...,

. 8 = Final velocit
vector of a particle R Av U, — Uy nat velocity
L a.. =— = ——— minus initial (3.8)
during time interval av At t — t .
i 2 1 velocity
from ¢ to t, £
Time interval Final time minus initial time

Average acceleration is a vector quantity in the same direction as AU (Fig. 3.6¢). The x-
component of Eq. (3.8) is dy.y = (Vo — v1)/(t2 — 1) = Av,/At, which is just Eq. (2.4)
for average acceleration in straight-line motion.

As in Chapter 2, we define the instantaneous acceleration a (a vector quantity) at
point P as the limit of the average acceleration vector when point P, approaches point P,
so both AU and At approach zero (Fig. 3.7):

The instantaneous ----.., AU do
acceleration vector a=lm — = — (3.9)
of a particle ... r Ar—0 At df

... and equals the instantaneous rate
of change of its velocity vector.

... equals the limit of its average acceleration
vector as the time interval approaches zero ...

The velocity vector U is always tangent to the particle’s path, but the instantaneous ac-
celeration vector @ does not have to be tangent to the path. If the path is curved, @ points
toward the concave side of the path—that is, toward the inside of any turn that the particle
is making (Fig. 3.7a). The acceleration is tangent to the path only if the particle moves in a
straight line (Fig. 3.7b).

CAUTION Any particle following a curved path is accelerating When a particle is moving
in a curved path, it always has nonzero acceleration, even when it moves with constant speed.
This conclusion is contrary to the everyday use of the word “acceleration” to mean that speed
is increasing. The more precise definition given in Eq. (3.9) shows that there is a nonzero ac-
celeration whenever the velocity vector changes in any way, whether there is a change of speed,
direction, or both.

To convince yourself that a particle is accelerating as it moves on a curved path
with constant speed, think of your sensations when you ride in a car. When the car e
accelerates, you tend to move inside the car in a direction opposite to the car’s accelera-
tion. (In Chapter 4 we’ll learn why this is so.) Thus you tend to slide toward the back of
the car when it accelerates forward (speeds up) and toward the front of the car when it
accelerates backward (slows down). If the car makes a turn on a level road, you tend to
slide toward the outside of the turn; hence the car is accelerating toward the inside of
the turn.

We'll usually be interested in instantaneous acceleration, not average acceleration.
From now on, we’ll use the term “acceleration” to mean the instantaneous acceleration
vector d. .

Each component of the acceleration vector @ = a,1 + ayf + a.k is the derivative of
the corresponding component of velocity:

Each component of a particle’s instantaneous acceleration vector ...
“ dv, dvy, dv,
a = — = — a = —

T adr Yo adt S adt

.. equals the instantaneous rate of change of its corresponding velocity component.

a (3.10)



In terms of unit vectors,

Zi_dv_dv)“ dv,

dv,
—=—14+—]+
dt  dt dt dt

The x-component of Egs. (3.10) and (3.11), a, = dv,/dt, is just Eq. (2.5) for instantaneous
acceleration in one dimension. Figure 3.8 shows an example of an acceleration vector that

has both x- and y-components.

Since each component of velocity is the derivative of the corresponding coordinate, we
can express the components a,, a,, and a; of the acceleration vector a as

dr?

_dx
y dl2

dr?

ay a
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Figure 3.8 When the fingers release
the arrow, its acceleration vector has a
horizontal component (a,) and a vertical

(3.11)
component (ay).

QY

(3.12)

EXAMPLE 3.2 Calculating average and instantaneous acceleration

Let’s return to the motions of the Mars rover in Example 3.1. (a) Find
the components of the average acceleration for the interval # = 0.0 s to
t = 2.0 s. (b) Find the instantaneous acceleration at t = 2.0 s.

IDENTIFY and SET UP In Example 3.1 we found the components of the
rover’s instantaneous velocity at any time #:

d
v, = ;); = (—0.25 m/s?)(21) = (—0.50 m/s?)r
d
b, = d—f = 1.0m/s + (0.025 m/s*)(3) = 1.0m/s + (0.075 m/s*)*

We’ll use the vector relationships among velocity, average acceleration,
and instantaneous acceleration. In part (a) we determine the values of
v, and vy, at the beginning and end of the interval and then use Eq. (3.8)
to calculate the components of the average acceleration. In part (b) we
obtain expressions for the instantaneous acceleration components at
any time ¢ by taking the time derivatives of the velocity components as
in Egs. (3.10).

EXECUTE (a) In Example 3.1 we found that at r = 0.0 s the velocity
components are

v, = 0.0m/s v, = 1.0m/s
and that at r = 2.0 s the components are

v, = —1.0m/s v, = 1.3m/s

Thus the components of average acceleration in the interval t = 0.0 s
totr = 2.0sare

Av,  —1.0m/s — 0.0m/s

S — I 2
Gavr = "7y 20s — 00s 0.50 m/s
Av 1.3m/s — 1.0m/s
Y 2
=2 2R TR 05
Gavy = "7 20s — 00s m/s

(b) Using Eqgs. (3.10), we find

dv dv.
a, =~ "= —050m/s’  a = d—ty = (0.075 m/s*)(2t)

Hence the instantaneous acceleration vector 4 at time ¢ is
d=ai+aj=(-050m/s?)7 + (0.15m/s*)1]

At t = 2.0 s the components of acceleration and the acceleration
vector are

a, = —050m/s*  a, = (0.15m/s*)(2.05) = 0.30 m/s’
(—0.50 m/s?)7 + (0.30 m/s%)]

N
a

Figure 3.9 The path of the robotic rover, showing the velocity and
acceleration at t = 0.0's (g and d), t = 1.0 s (0, and &, ), and
t =2.0s (V,and @y).

v, a=128°

y (m)

25

20 - -‘\

r=10 Rover’s path

o 0.5 1.0 1.5

The magnitude of acceleration at this time is

a=Val+a} =V (-050m/s")2 + (030 m/s*)? = 0.58 m/s>

A sketch of this vector (Fig. 3.9) shows that the direction angle 8 of
a with respect to the positive x-axis is between 90° and 180°. From
Eq. (3.7) we have

ay 0.30 m/s?

y
arctan— = arctan————— — = -31°
ay —0.50 m/s

Hence B = 180° + (—31°) = 149°.

EVALUATE Figure 3.9 shows the rover’s path and the velocity and ac-
celeration vectors at = 0.0's, 1.0 s, and 2.0 s. (Use the results of part
(b) to calculate the instantaneous accelerationat = 0.0sandt = 1.0s
for yourself.) Note that v and a are not in the same direction at any of
these times. The velocity vector ¥ is tangent to the path at each point
(as is always the case), and the acceleration vector @ points toward the
concave side of the path.

KEYCONCEPT To calculate the average acceleration vector of an
object, first find the change in its velocity vector (final velocity minus
initial velocity) during a time interval. Then divide by the time interval.
To calculate the object’s instantaneous acceleration vector (its average
velocity vector over an infinitesimally short time interval), take the de-
rivative of its velocity vector with respect to time.
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Figure 3.10 The acceleration can be re-
solved into a component «; parallel to the
path (that is, along the tangent to the path)
and a component a | perpendicular to the
path (that is, along the normal to the path).

% ----- Tangent to path at P

Component of
d parallel to

the path e

K a® /e Normal to
1 path at P

Component of @

perpendicular to the path

Figure 3.11 The effect of acceleration
directed (a) parallel to and (b)
perpendicular to a particle’s velocity.

(a) Acceleration parallel to velocity

Changes only magnitude AB
of velocity: speed changes;
direction doesn’t. U,

a

(b) Acceleration perpendicular to velocity

Changes only direction of AG
velocity: particle follows
curved path at constant
speed.

Parallel and Perpendicular Components of Acceleration

Equations (3.10) tell us about the components of a particle’s instantaneous accelera-
tion vector @ along the x-, y-, and z-axes. Another useful way to think about a is
in terms of one component parallel to the particle’s path and to its velocity U, and
one component perpendicular to the path and to v (Fig. 3.10). That’s because the
parallel component g tells us about changes in the particle’s speed, while the perpen-
dicular component a, tells us about changes in the particle’s direction of motion. To
see why the parallel and perpendicular components of @ have these properties, let’s
consider two special cases.

In Fig. 3.11a the acceleration vector is in the same direction as the velocity ¥;, so
a has only a parallel component gy (that is, @, = 0). The velocity change AU during a
small time interval At is in the same direction as @ and hence in the same direction as U.
The velocity U, at the end of At is in the same direction as U; but has greater magnitude.
Hence during the time interval Az the 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, so a has only a perpen-
dicular component a | (that is, ¢ = 0). In a small time interval A¢, the velocity change
AU is very nearly perpendicular to ¥}, and so ¥; and U, have different directions. As the
time interval At approaches zero, the angle ¢ in the figure also approaches zero, AU be-
comes perpendicular to both ¥, and U,, and ¥; and U, have the same magnitude. In other
words, the speed of the particle stays the same, but the direction of motion changes and
the path of the particle curves.

In the most general case, the acceleration a has both components parallel and perpen-
dicular to the velocity U, as in Fig. 3.10. Then the particle’s speed will change (described
by the parallel component a) and its direction of motion will change (described by the
perpendicular component a | ).

Figure 3.12 shows a particle moving along a curved path for three situations: constant
speed, increasing speed, and decreasing speed. If the speed is constant, d is perpendicular,
or normal, to the path and to U and points toward the concave side of the path (Fig. 3.12a).
If the speed is increasing, there is still a perpendicular component of &, but there is also a
parallel component with the same direction as o (Fig. 3.12b). Then a points ahead of the
normal to the path. (This was the case in Example 3.2.) If the speed is decreasing, the par-
allel component has the direction opposite to U, and a points behind the normal to the path
(Fig. 3.12c; compare Fig. 3.7a). We’ll use these ideas again in Section 3.4 when we study
the special case of motion in a circle.

Figure 3.12 Velocity and acceleration vectors for a particle moving through a point P on a curved path with (a) constant speed,
(b) increasing speed, and (c) decreasing speed.

(a) When speed is constant along a curved

path ...

... acceleration is
/ normal to the path.

Normal at P

(c) When speed is decreasing along a curved
path ...

(b) When speed is increasing along a curved
path ...

”
... acceleration points
ahead of the normal. ... acceleration points
& behind the normal.
[QEN K
a ’

Normal at P

Normal at P



3.2 The Acceleration Vector 101

EXAMPLE 3.3 Calculating parallel and perpendicular components of acceleration

For the rover of Examples 3.1 and 3.2, find the parallel and perpendicu-
lar components of the acceleration at t = 2.0 s.

IDENTIFY and SET UP We want to find the components of the accelera-
tion vector & that are parallel and perpendicular to velocity vector . We
found the directions of U and a in Examples 3.1 and 3.2, respectively;
Fig. 3.9 shows the results. From these directions we can find the angle
between the two vectors and the components of @ with respect to the
direction of ©.

EXECUTE From Example 3.2, at t = 2.0 s the particle has an accelera-
tion of magnitude 0.58 m/s” at an angle of 149° with respect to the posi-
tive x-axis. In Example 3.1 we found that at this time the velocity vector
is at an angle of 128° with respect to the positive x-axis. The angle be-
tween a and U is therefore 149° — 128° = 21° (Fig. 3.13). Hence the
components of acceleration parallel and perpendicular to U are

ay = acos 21° = (0.58 m/s*)cos 21° = 0.54 m/s’
a, = asin21° = (0.58 m/s?)sin 21° = 0.21 m/s’

EVALUATE The parallel component gy is positive (in the same direction
as U), which means that the speed is increasing at this instant. The value
ay = +0.54 m/s” tells us that the speed is increasing at this instant at
a rate of 0.54 m/s per second. The perpendicular component a is not

Figure 3.13 The parallel and perpendicular components of
the acceleration of the rover att = 2.0 s.

<L

Parallel component of acceleration

Perpendicular \}___.A N ‘Position of roveratt = 2.0s

o
component of acceleration 4~ @1 > Path of rover

zero, which means that at this instant the rover is turning—that is, it is
changing direction and following a curved path.

KEYCONCEPT If an object’s speed is changing, there is a compo-
nent of its acceleration vector parallel to its velocity vector. If an ob-
ject’s direction of motion is changing—that is, it is turning—there is a
component of its acceleration vector perpendicular to its velocity vector
and toward the inside of the turn.

CONCEPTUAL EXAMPLE 3.4 Acceleration of a skier

A skier moves along a ski-jump ramp (Fig. 3.14a). The ramp is straight
from point A to point C and curved from point C onward. The skier
speeds up as she moves downhill from point A to point E, where her
speed is maximum. She slows down after passing point E. Draw the
direction of the acceleration vector at each of the points B, D, E, and F.

SOLUTION Figure 3.14b shows our solution. At point B the skier is mov-
ing in a straight line with increasing speed, so her acceleration points
downhill, in the same direction as her velocity. At points D, E, and F 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 acceleration component in the
direction of her motion because she is speeding up. So the acceleration
vector points ahead of the normal to her path at point D. 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 compo-
nent 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.

KEYCONCEPT If a moving object is turning (changing direction),
its acceleration vector points ahead of the normal to its path if it is
speeding up, behind the normal if it is slowing down, and along the
normal if its speed is instantaneously not changing.

Figure 3.14 (a) The skier’s path. (b) Our solution.
()

Direction
of motion

<4

Normal at €

AN NormalatD 1 Normalat F




102 CHAPTER 3 Motion in Two or Three Dimensions

3
2 4
,—’L’ N "5‘\\ Sled’s path
/’ \\
g 8 6 Sa
7

or 9: acceleration = 0

Figure 3.15 The trajectory of an idealized
projectile.
* A projectile moves in a vertical plane that
contains the initial velocity vector Uj,.
« Its trajectory depends only on U, and

on the downward acceleration due to gravity.

————

Figure 3.16 The red ball is dropped from
rest, and the yellow ball is simultaneously
projected horizontally.

are recorded

at equal
time intervals.

* At any time the two balls have different
x-coordinates and x-velocities but the same
y-coordinate, y-velocity, and y-acceleration.

 The horizontal motion of the yellow ball has
no effect on its vertical motion.

TEST YOUR UNDERSTANDING OF SECTION 3.2 A sled travels over the crest of a snow-
covered hill. The sled slows down as it climbs up one side of the hill and gains speed as it descends
on the other side. Which of the vectors (1 through 9) in the figure correctly shows the direction of
the sled’s acceleration at the crest? (Choice 9 is that the acceleration is zero.)
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EXJ PROJECTILE MOTION

A projectile is any object 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 basketball, and a bullet shot from a rifle are all projectiles. The path
followed by a projectile is called its trajectory.

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 limitations, however: We have to consider the earth’s
curvature when we study the flight of long-range missiles, and air resistance is of crucial
importance to a sky diver. Nevertheless, we can learn a lot from analysis of this simple
model. For the remainder of this chapter the phrase “projectile motion” will imply that
we’re ignoring air resistance. In Chapter 5 we’ll see what happens when air resistance
cannot be ignored.

Projectile motion is always confined to a vertical plane determined by the direction
of the initial velocity (Fig. 3.15). This is because the acceleration due to gravity is purely
vertical; gravity can’t accelerate the projectile sideways. Thus projectile motion is two-
dimensional. We’ll call the plane of motion the xy-coordinate plane, with the x-axis hori-
zontal and the y-axis vertically upward.

The key to analyzing projectile motion is that we can treat the x- and y-coordinates
separately. Figure 3.16 illustrates 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 has no effect on its vertical motion. For both
projectiles, the x-component of acceleration is zero and the y-component is constant and
equal to —g. (By 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 mo-
tion 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
components of @ are

a, = —g (projectile motion, no air resistance)

y (3.13)

a, =0
Since both the x-acceleration and y-acceleration are constant, we can use Egs. (2.8), (2.12),
(2.13), and (2.14) directly. Suppose that at time ¢ = 0 our particle is at the point (xg, o)
and its initial velocity at this time has components vy, and vp,. The components of ac-
celeration are a, = 0, a, = —g. Considering the x-motion first, we substitute 0 for a, in
Eqgs. (2.8) and (2.12). We find

Uy = Uox (3.14)
X = xp + Ugyt (3.15)
For the y-motion we substitute y for x, v, for vy, vy, for vy, and a, = —g for a,:
Uy = Ugy — &I (3.16)
Y =30 + voyt — 381 (3.17)
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Figure 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.

At the top of the trajectory, the projectile has zero vertical
velocity (v, = 0), but its vertical acceleration is still —g.
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Horizontally, the projectile is in constant-velocity motion: Its horizontal acceleration
is zero, so it moves equal x-distances in equal time intervals.
It’s usually simplest to take the initial position (at # = 0) as the origin; then xy = yg = 0. Figure 3.18 The initial velocity compo-

This might be the position of a ball at the instant it leaves the hand of the person who nents o, and v, of a projectile (such as a
throws it or the position of a bullet at the instant it leaves the gun barrel. kicked fOOtba.H). are related to the initial
. . .. speed vy and initial angle ay.

Figure 3.17 shows the trajectory of a projectile that starts at (or passes through)
the origin at time + = 0, along with its position, velocity, and velocity components at Y . [
equal time intervals. The x-velocity v, is constant; the y-velocity v, changes by equal - N
amounts in equal times, just as if the projectile were launched vertically with the same
initial y-velocity.

We can also represent the initial velocity ¥ by its magnitude vy (the initial speed) and
its angle «( with the positive x-axis (Fig. 3.18). In terms of these quantities, the compo-
nents vy, and vy, of the initial velocity are

Upy = UpCOS l)()y = U()SiIlaO (3.18)

If we substitute Eqgs. (3.18) into Eqgs. (3.14) through (3.17) and set xy = yy = 0, we
get the following equations. They describe the position and velocity of the projectile in
Fig. 3.17 at any time #:

Ugy = U COS

_ ‘ - x= (vg cos ag)t_ (3.19)
Coordinates at time # of
a projectile (positive . Speed  Direction ™ Ti
y-direction is upward, .. atr =0 atr=0 .- :1me
andx =y = 0att = 0) ™. B - P H
“ v . v
y = (Vg sin ag)t — 5 gt (3.20)
x T Docos “Acceleration (3.2
Velocity components at . # due to gravity:
time ¢ of a projectile .- Speed Direction Note g > 0.
(positive y-direction .. atr =0 atr=0 g
is upward) ey Pod ¥ eeTime
U, = Vg sinay — gt (3.22)
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Figure 3.19 The nearly parabolic
trajectories of a bouncing ball.
Successive images of the ball are
separated by equal time intervals.

Successive peaks decrease
in height because the ball
loses energy with
each bounce.

Figure 3.20 Air resistance has a large
cumulative effect on the motion of a
baseball. In this simulation we allow the
baseball to fall below the height from
which it was thrown (for example, the
baseball could have been thrown from

a cliff).

y(m)  Baseball’s initial velocity:

100 vy = 50 m/s, oy = 53.1°
50
1 1 1 1 1 1
0 00\ 200 \ 300 * ™
-50
—100
With air No air
resistance resistance

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 ¢ is

r=Vx*+y? (3.23)
The projectile’s speed (the magnitude of its velocity) at any time is
v = \/vx2 + vy2 (3.24)

The direction of the velocity, in terms of the angle « it makes with the positive x-direction
(see Fig. 3.17), is
v,

y
tana = —
UX

(3.25)

The velocity vector U 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 t = x/(vgcos ag) and

8 2

5 X (3.26)
2002 cos? o

y = (tanag)x —

Don’t worry about the details of this equation; the important point is its general form.
Since vy, tan a, cos &, and g are constants, Eq. (3.26) has the form

y = bx — cx?
where b and c are constants. This is the equation of a parabola. In our simple model of
projectile motion, the trajectory is always a parabola (Fig. 3.19).

When air resistance isn’t negligible and has to be included, calculating the trajec-
tory becomes a lot more complicated; the effects of air resistance depend on velocity,
so the acceleration is no longer constant. Figure 3.20 shows a computer simulation
of the trajectory of a baseball both without air resistance and with air resistance pro-
portional to the square of the baseball’s speed. We see that air resistance has a very
large effect; the projectile does not travel as far or as high, and the trajectory is no
longer a parabola.

CONCEPTUAL EXAMPLE 3.5 Acceleration of a skier, continued

Let’s consider again the skier in Conceptual Example 3.4. What is her
acceleration at each of the points G, H, and [ in Fig. 3.21a after she
flies off the ramp? Neglect air resistance.

SOLUTION Figure 3.21b shows our answer. The skier’s acceleration
changed from point to point while she was on the ramp. But as soon as
she leaves the ramp, she becomes a projectile. So at points G, H, and 1,

Figure 3.21 (a) The skier’s path during the jump. (b) Our solution.
() H

and indeed at all points after she leaves the ramp, the skier’s acceleration
points vertically downward and has magnitude g.

KEYCONCEPT No matter how complicated the acceleration of a
particle before it becomes a projectile, its acceleration as a projectile is
givenby a, = 0,a, = —g.
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NOTE: The strategies we used in Sections 2.4 and 2.5 for straight-
line, constant-acceleration problems are also useful here.

IDENTIFY the relevant concepts: The key concept is that throughout
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 throw-
er’s hand and gravity. These equations apply only after the ball leaves
the thrower’s hand.

SET 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 object
first becomes a projectile (for example, where a ball leaves the
thrower’s hand). Then the components of acceleration are a, = 0
and a, = —g, as in Eq. (3.13); the initial position is xg = yy = 0;
and you can use Egs. (3.19) through (3.22). (If you choose a dif-
ferent origin or axes, you’ll have to modify these equations.)

2. List the unknown and known quantities, and decide which un-
knowns are your target variables. For example, you might be given
the initial velocity (either the components or the magnitude and di-
rection) and asked to find the coordinates and velocity components

at some later time. Make sure that 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.

3. 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 ¢?) Where is the particle when
its velocity has a certain value? (That is, what are the values of x
and y when v, or v, has the specified value?) Since v, = 0 at the
highest point in a trajectory, the question “When does the projec-
tile reach its highest point?” translates into “What is the value of
¢t when v, = 07" Similarly, “When does the projectile return to
its initial elevation?” translates into “What is the value of # when

y =y

EXECUTE the solution: Find the target variables using the equations 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 throughout the problem. If you need nu-
merical values, use g = 9.80 m/! s2. Remember that g is positive!

EVALUATE your answer: Do your results make sense? Do the numer-
ical values seem reasonable?

EXAMPLE 3.6 An object projected horizontally

wiTH VARIATION PROBLEMS

A motorcycle stunt rider rides off the edge of a cliff. Just at the edge his
velocity is horizontal, with magnitude 9.0 m/s. Find the motorcycle’s
position, distance from the edge of the cliff, and velocity 0.50 s after it
leaves the edge of the cliff. Ignore air resistance.

IDENTIFY and SET UP Figure 3.22 shows our sketch of the trajectory of
motorcycle and rider. He is in projectile motion as soon as he leaves the
edge of the cliff, which we take to be the origin (so xy = yy = 0). His ini-
tial velocity Uy at the edge of the cliff is horizontal (that is, gy = 0), so its
components are vy, = vy cos ay = 9.0 m/s and vy = Ypsinagy = 0. To
find the motorcycle’s position at = 0.50 s, we use Egs. (3.19) and (3.20);
we then find the distance from the origin using Eq. (3.23). Finally, we use
Eqgs. (3.21) and (3.22) to find the velocity components at ¢ = 0.50 s.

EXECUTE From Egs. (3.19) and (3.20), the motorcycle’s x- and
y-coordinates at t = (.50 s are

X = vt = (9.0m/s)(0.50s) = 4.5m
—1gr? = —1(9.80m/s?)(0.505)> = —1.2m

y

The negative value of y shows that the motorcycle is below its starting point.
From Eq. (3.23), the motorcycle’s distance from the origin at
t =0.50sis

r=Va2+y2=V(45m)? + (-12m)2=47m

From Egs. (3.21) and (3.22), the velocity components at = 0.50 s are
Uy = Upe = 9.0m/s
v, = —gt = (—9.80 m/s*)(0.50s) = —4.9 m/s

The motorcycle has the same horizontal velocity v, as when it left the
cliff at + = 0, but in addition there is a downward (negative) vertical
velocity v,. The velocity vector at # = 0.50 s is

U =uvd +v]=(9.0m/s)l + (—49m/s)]

Figure 3.22 Our sketch for this problem.

9 At this point, the bike and
rider become a projectile.
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From Egs. (3.24) and (3.25), at + = 0.50 s the velocity has magni-
tude v and angle « given by

v = \/sz + vy2 = \/(9.0 m/s)? + (—4.9m/s)? = 10.2 m/s

Uy —4.9m/s
arctan — = arctan| ——— | = —29°
Uy 9.0m/s

R
Il

The motorcycle is moving at 10.2 m/s in a direction 29° below the
horizontal.

EVALUATE Just as in Fig. 3.17, the motorcycle’s horizontal motion is
unchanged by gravity; the motorcycle continues to move horizontally
at 9.0 m/s, covering 4.5 m in 0.50 s. The motorcycle initially has zero
vertical velocity, so it falls vertically just like an object released from
rest and descends a distance %gt2 =12min0.50s.

KEYCONCEPT The motion of a projectile is a combination of mo-
tion with constant velocity in the horizontal x-direction and motion with
constant downward acceleration in the vertical y-direction.
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EXAMPLE 3.7 Height and range of a projectile I: A batted baseball

witH VARIATION PROBLEMS

A batter hits a baseball so that it leaves the bat at speed vy = 37.0 m/s
at an angle «p = 53.1°. (a) Find the position of the ball and its velocity
(magnitude and direction) at + = 2.00 s. (b) Find the time when the
ball reaches the highest point of its flight, and its height /4 at this time.
(c) Find the horizontal range R—that is, the horizontal distance from
the starting point to where the ball hits the ground—and the ball’s
velocity just before it hits.

IDENTIFY and SET UP As Fig. 3.20 shows, air resistance strongly af-
fects the motion of a baseball. For simplicity, however, we’ll ignore air
resistance here and use the projectile-motion equations to describe the
motion. The ball leaves the bat at # = 0 a meter or so above ground level,
but we’ll ignore this distance and assume that it starts at ground level
(3o = 0). Figure 3.23 shows our sketch of the ball’s trajectory. We’ll
use the same coordinate system as in Figs. 3.17 and 3.18, so we can use
Egs. (3.19) through (3.22). Our target variables are (a) the position and
velocity of the ball 2.00 s after it leaves the bat, (b) the time ¢ when the
ball is at its maximum height (that is, when v, = 0) and the y-coordinate
at this time, and (c) the x-coordinate when the ball returns to ground
level (y = 0) and the ball’s vertical component of velocity then.

EXECUTE (a) We want to find x, y, v,, and vyatt = 2.00s. The initial
velocity of the ball has components
Vor = Upcosag = (37.0 m/s)cos53.1° = 22.2 m/s
Ugy = Upsinag = (37.0 m/s)sin53.1° = 29.6 m/s
From Egs. (3.19) through (3.22),
x = vgt = (222m/s)(2.00s) = 44.4m
Y = vyt — 388
(29.6 m/s)(2.00s) — 5(9.80 m/s?)(2.005)> = 39.6 m
Uy = Uy = 22.2m/s
vy = gy — g = 29.6m/s — (9.80 m/s*)(2.00s) = 10.0 m/s

The y-component of velocity is positive at t = 2.00 s, so the ball is still
moving upward (Fig. 3.23). From Egs. (3.24) and (3.25), the magnitude
and direction of the velocity are

v="\Vv2+ vl = V(222m/s)2 + (100 m/s)? = 244 m/s

10.0 m/s
a = arctan| ———— | = arctan0.450 = 24.2°
22.2m/s

The ball is moving at 24.4 m/s in a direction 24.2° above the horizontal.

(b) At the highest point, the vertical velocity v, is zero. Call the time
when this happens #; then
vy =1vy, — g =0
oy  29.6m/s

Hh=—=—"-75=302s
' g 980m/s?
The height £ at the highest point is the value of y at time #:

h = Voylt — %gl‘lz
= (29.6 m/s)(3.025) — $(9.80 m/s?)(3.025)% = 44.7m

(c) We’ll find the horizontal range in two steps. First, we find the
time , when y = 0 (the ball is at ground level):

_ _ 1 2 _ 1
y=0=uvyh — 386 = fz(UOy - 38h)

Figure 3.23 Our sketch for this problem.

This is a quadratic equation for #. It has two roots:

2ugy  2(29.6 m/s)
h=0 and fH=-—=-"—1"=604s
8 9.80 m/s

The ball is at y = 0 at both times. The ball leaves the ground at , = 0,
and it hits the ground at 7, = 2u;,/g = 6.04 s.

The horizontal range R is the value of x when the ball returns to the
ground at, = 6.04 s:

R = vy, = (22.2m/s)(6.04s) = 134 m
The vertical component of velocity when the ball hits the ground is
v, = gy — gh = 29.6 m/s — (9.80 m/s?)(6.04s) = —29.6m/s

That is, v, has the same magnitude as the initial vertical velocity
Ugy but the opposite direction (down). Since v, is constant, the angle
a = —53.1° (below the horizontal) at this point is the negative of the
initial angle oy = 53.1°.

EVALUATE As a check on our results, we can also find the maximum
height in part (b) by applying the constant-acceleration formula Eq. (2.13)
to the y-motion:

Uyz = U0y2 + 2ay ()7 - yO) = U()y2 - 28()’ - yO)

At the highest point, v, = 0 and y = h. Solve this equation for /; you
should get the answer that we obtained in part (b). (Do you?)

Note that the time to hit the ground, , = 6.04 s, is exactly twice
the time to reach the highest point, 4 = 3.02's. Hence the time of
descent equals the time of ascent. This is always true if the starting
point and end point are at the same elevation and if air resistance
can be ignored.

Note also that 7 = 44.7 m in part (b) is comparable to the 61.0 m
height above second base of the roof at Marlins Park in Miami, and the
horizontal range R = 134 m in part (c) is greater than the 99.7 m dis-
tance from home plate to the right-field fence at Safeco Field in Seattle.
In reality, due to air resistance (which we have ignored) a batted ball
with the initial speed and angle we’ve used here won’t go as high or as
far as we’ve calculated (see Fig. 3.20).

KEYCONCEPT You can solve most projectile problems by using the
equations for x, y, vy, and vy as functions of time. The highest point of a
projectile’s motion occurs at the time its vertical component of velocity
is zero.
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wiTH VARIATION PROBLEMS

Find the maximum height 4 and horizontal range R (see Fig. 3.23) of a
projectile launched with speed vy at an initial angle « between 0 and
90°. For a given vy, what value of «( gives maximum height? What
value gives maximum horizontal range?

IDENTIFY and SET UP This is almost the same as parts (b) and (c) of
Example 3.7, except that now we want general expressions for /# and R. We
also want the values of ¢ that give the maximum values of /2 and R. In part
(b) of Example 3.7 we found that the projectile reaches the high point of
its trajectory (so that v, = 0) at time #; = voy/ g, and in part (c) we found
that the projectile returns to its starting height (so that y = y;) at time
H = 2v0y/ g = 2t;. We'll use Eq. (3.20) to find the y-coordinate / at #; and
Eq. (3.19) to find the x-coordinate R at time #,. We’ll express our answers in
terms of the launch speed v and launch angle « by using Egs. (3.18).

EXECUTE From Egs. (3.18), vo, = vgcosag and vy, = vpsinay. Hence
we can write the time 71 when v, = 0 as
Uoy  Upsiney

HhH=—-=
8 8

Equation (3.20) gives the height y = h at this time:
) vy sin ag . (vosinag\?  vdsinZa
h = (vosinay) - 28 =
8 8 28

For a given launch speed vj, the maximum value of & occurs for
sinag = 1 and ay = 90°—that is, when the projectile is launched
straight up. (If it is launched horizontally, as in Example 3.6, ag = 0
and the maximum height is zero!)

The time #, when the projectile hits the ground is

2, 2upsinay
Hh=—"=——"—
8 8
The horizontal range R is the value of x at this time. From Eq. (3.19), this is
2ypsinay g sin2ay
8

R = (vycosag)t, = (vpcosayg

(We used the trigonometric identity 2sinagcosay = sin2«, found in
Appendix D.) The maximum value of sin2e is 1; this occurs when

Figure 3.24 A launch angle of 45° gives the maximum horizontal
range. The range is shorter with launch angles of 30° and 60°.

A 45° launch angle gives the greatest range;
other angles fall shorter.

e®0,
..... ..:.O

] [ ]
Launch .:0:"."8..'.
angle: { ° ]
ay = 30° °
ay = 45°
ay = 60°

209 = 90°, or oy = 45°. This angle gives the maximum range for a
given initial speed if air resistance can be ignored.

EVALUATE Figure 3.24 is based on a composite photograph of three
trajectories of a ball projected from a small spring gun at angles of 30°,
45°, and 60°. The initial speed vy is approximately the same in all three
cases. The horizontal range is greatest for the 45° angle. The ranges are
nearly the same for the 30° and 60° angles: Can you prove that for a
given value of v, the range is the same for both an initial angle « and
an initial angle 90° — a? (This is not the case in Fig. 3.24 due to air
resistance.)

CAUTION Height and range of a projectile We don’t recommend
memorizing the above expressions for 7 and R. They are applicable
only in the special circumstances we’ve described. In particular, you
can use the expression for the range R only when launch and landing
heights are equal. There are many end-of-chapter problems to which
these equations do not apply.

KEYCONCEPT When you solve physics problems in general, and
projectile problems in particular, it’s best to use symbols rather than
numbers as far into the solution as possible. This allows you to better
explore and understand your result.

EXAMPLE 3.9 Different initial and final heights

witH VARIATION PROBLEMS

You throw a ball from your window 8.0 m above the ground. When
the ball leaves your hand, it is moving at 10.0 m/s at an angle of 20.0°
below the horizontal. How far horizontally from your window will the
ball hit the ground? Ignore air resistance.

IDENTIFY and SET UP As in Examples 3.7 and 3.8, we want to find the
horizontal coordinate of a projectile when it is at a given y-value. The
difference here is that this value of y is not the same as the initial value.
‘We again choose the x-axis to be horizontal and the y-axis to be upward,
and place the origin of coordinates at the point where the ball leaves
your hand (Fig. 3.25). We have vy = 10.0 m/s and oy = —20.0° (the
angle is negative because the initial velocity is below the horizontal).
Our target variable is the value of x when the ball reaches the ground at
y = —8.0 m. We’ll use Eq. (3.20) to find the time ¢ when this happens
and then use Eq. (3.19) to find the value of x at this time.

Figure 3.25 Our sketch for this problem.
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EXECUTE To determine #, we rewrite Eq. (3.20) in the standard form for
a quadratic equation for f:

Ler® — (vysinag)t +y = 0

The roots of this equation are

vpsinay + \/(—vosina0)2 - 4(%g)y
2(3¢)
vpsinay =+ \/lm
g
(10.0 m/s) sin(—20.0°)
[ + V/(10.0 m/s)? sin®(—20.0°) — 2(9.80 m/s?)(—8.0 rn):|
9.80 m/s’

—1.7s or 0.98 s

We discard the negative root, since it refers to a time before the ball
left your hand. The positive root tells us that the ball reaches the
ground at ¢ = 0.98 s. From Eq. (3.19), the ball’s x-coordinate at that
time is

x = (vpcosag)t = (10.0 m/s)[cos(—20°)](0.98s) = 9.2 m

The ball hits the ground a horizontal distance of 9.2 m from your
window.

EVALUATE The root + = —1.7 s is an example of a “fictional” solution to
a quadratic equation. We discussed these in Example 2.8 in Section 2.5;
review that discussion.

KEYCONCEPT A projectile’s vertical coordinate y as a function of
time is given by a quadratic equation, which in general has more than
one solution. Take care to select the solution that’s appropriate for the
problem you’re solving.

EXAMPLE 3.10 The zookeeper and the monkey

A monkey escapes from the zoo and climbs a tree. After failing to entice
the monkey down, the zookeeper fires a tranquilizer dart directly at the
monkey (Fig. 3.26). The monkey lets go at the instant the dart leaves
the gun. Show that the dart will always hit the monkey, provided that the
dart reaches the monkey before he hits the ground and runs away.

IDENTIFY and SET UP We have two objects in projectile motion: the
dart and the monkey. They have different initial positions and initial
velocities, but they go into projectile motion at the same time ¢ = 0.
We'll first use Eq. (3.19) to find an expression for the time # when the
x-coordinates Xponkey and Xgqy are equal. Then we’ll use that expression
in Eq. (3.20) to see whether yyonkey and Ygar are also equal at this time;
if they are, the dart hits the monkey. We make the usual choice for the
x- and y-directions, and place the origin of coordinates at the muzzle of
the tranquilizer gun (Fig. 3.26).

Figure 3.26 The tranquilizer dart hits the falling monkey.

EXECUTE The monkey drops straight down, $0 Xponkey = d at all times.
From Eq. (3.19), xgarx = (vgcos ). We solve for the time # when these
x-coordinates are equal:

d

d = (vgcosap)t —_—
( 0 0) UpCOS &y

) t=
We must now show that yonkey = Yaare at this time. The monkey is in
one-dimensional free fall; its position at any time is given by Eq. (2.12),
with appropriate symbol changes. Figure 3.26 shows that the monkey’s
initial height above the dart-gun’s muzzle is yonkey-0 = d tan e, so

Ymonkey — dtanag — %gtz
From Eq. (3.20),

_ : 1 2
Ydart = (UOSIHaO)t — 58t

Dashed arrows show how far the dart and monkey have fallen at
specific times relative to where they would be without gravity.

At any time, they have fallen by the same amount.

Without gravity %
* The monkey remains in its initial position. j/": F
» The dart travels straight to the monkey. . - H : %Monkey’s
 Therefore, the dart hits the monkey. /// i i fall
e HCE
- IS 1
Tra ca o iDart’s :
rajectory of dart - H :
A Yo 1 d tan oy ifall :
without gravity -7 ' H
\ e : Dart’s ' o
7 i fall i
7 : ——ofosf i
P f_—»-——-——""3%7 -
Dart’s fall _ - r=="" 7
>
Trajectory of dart
with gravity

d

With gravity
* The monkey falls straight down. "
e At any time ¢, the dart has fallen by the same amount
as the monkey relative to where either would be in the
. 1 .2
absence of gravity: Ayga = AVmonkey = —381
e Therefore, the dart always hits the monkey.



Comparing these two equations, we see that we’ll have ymonkey = Ydart
(and a hit) if dtanag = (vysinag)s when the two x-coordinates are
equal. To show that this happens, we replace ¢ with d/(vycosay), the
time when Xponkey = Xdart- Sure enough,

(UO Sil‘lao)t =

(vpsinayg) = dtanq

Uy COS &y

EVALUATE We’ve proved that the y-coordinates of the dart and
the monkey are equal at the same time that their x-coordinates are
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is (provided the monkey doesn’t hit the ground first). This result is
independent of the value of g, the acceleration due to gravity. With no
gravity (g = 0), the monkey would remain motionless, and the dart
would travel in a straight line to hit him. With gravity, both fall the
same distance %gt2 below their + = 0 positions, and the dart still hits
the monkey (Fig. 3.26).

KEYCONCEPT It can be useful to think of a projectile as following
a straight-line path that’s pulled downward by gravity a distance %gt2 in

equal; a dart aimed at the monkey always hits it, no matter what v a time 7.

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 be-
fore striking the monkey, as shown in the figure. When the dart is at point P, will the monkey be (i)
at point A (higher than P), (ii) at point B (at the same height as P), or (iii) at point C (lower than P)?
Ignore air resistance.
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EXJ 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 must have a 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 speed, the 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 with constant speed are all
examples of uniform circular motion (Fig. 3.27a; compare Fig. 3.12a). There is no compo-
nent of acceleration parallel (tangent) to the path; otherwise, the speed would change. The
acceleration vector is perpendicular (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.

Figure 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
along a circular path

(b) Car speeding up along a circular path

Component of acceleration parallel to velocity:
Changes car’s speed

H —
> : v >
- B -
- -_‘ //’
3

‘‘‘‘‘‘ Acceleration is exactly
x"‘_i perpendicular to velocity; ’
’ no parallel component ’ ,

/ \ / :
/ I\\A I’ Component of acceleration perpendicular to
. 1 velocity: Changes car’s direction
To center of circle y g

A

E \v/

,' Component of acceleration parallel
to velocity: Changes car’s speed

(c) Car slowing down along a circular path

”
- Component of acceleration
o perpendicular to velocity:
Changes car’s direction

.
a /7
7



110

Figure 3.28 Finding the velocity change
AU, average acceleration a,,, and instanta-
neous acceleration d,q for a particle moving
in a circle with constant speed.

(a) A particle moves a distance As at
constant speed along a circular path.

(b) The corresponding change in velocity AU. The
average acceleration is in the same direction as Av.

AT These two triangles

(c) The instantaneous acceleration

-->
/”

The instantaneous acceleration
in uniform circular motion
RN R always points toward the
= center of the circle.

1 a,.
h rad
]
|
1
|
\

APPLICATION The Moons of Jupiter
Each of the three moons of Jupiter shown

in this image from the Hubble Space
Telescope—Ilo, Europa, and Callisto—moves
around Jupiter in a nearly circular orbit at a
nearly constant speed. The larger the radius
R of a moon’s orbit, the slower the speed v
at which the moon moves and the smaller its
centripetal acceleration a,g = v?/R.

Callisto’s shadow. To

Jupiter

Europa’s shadow

CHAPTER 3 Motion in Two or Three Dimensions

We can find a simple expression for the magnitude of the acceleration in uniform circu-
lar motion. We begin with Fig. 3.28a, which shows a particle moving with constant speed
in a circular path of radius R with center at O. The particle moves a distance As from P, to
P, in a time interval At. Figure 3.28b shows the vector change in velocity AU during this
interval.

The angles labeled A¢ in Figs. 3.28a and 3.28b are the same because U; is perpen-
dicular to the line OP; and 0, is perpendicular to the line OP,. Hence the triangles in
Figs. 3.28a and 3.28b are similar. The ratios of corresponding sides of similar triangles
are equal, so

Av| A LV
[49] == o |AD| = —LAs
U1 R R
The magnitude a,, of the average acceleration during At is therefore
_ A8 v
“ T At TR At

The magnitude a of the instantaneous acceleration d at point P, is the limit of this expres-
sion as we take point P, closer and closer to point P;:

As
q =

i v As g
= lm ——=— lm —
Ar—0 R At R Ar—0 At

If the time interval At is short, As is the distance the particle moves along its curved path.
So the limit of As/At is the speed v; at point P;. Also, P can be any point on the path, so
we can drop the subscript and let v represent the speed at any point. Then

Magnitude of acceleration -..,, v%.... Speed of object

. . 'y p—
of an object in Arad —
uniform circular motion

— 3.27
R «-Radius of object’s ( )

circular path

The subscript “rad” is a reminder that the direction of the instantaneous acceleration
at each point is always along a radius of the circle (toward the center of the circle;
see Figs. 3.27a and 3.28c¢). So in uniform circular motion, the magnitude agqg of the
instantaneous acceleration is equal to the square of the speed v divided by the ra-
dius R of the circle. Its direction is perpendicular to U and inward along the radius
(Fig. 3.29a). Because the acceleration in uniform circular motion is along the radius, we
often call it radial acceleration.

Because the acceleration in uniform circular motion is always directed toward the cen-
ter of the circle, it is sometimes called centripetal acceleration. The word “centripetal” is
derived from two Greek words meaning “seeking the center.”

Figure 3.29 Acceleration and velocity (a) for a particle in uniform circular motion and
(b) for a projectile with no air resistance.

(a) Uniform circular motion (b) Projectile motion
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CAUTION Uniform circular motion vs. projectile motion Notice the differences between accel-
eration in uniform circular motion (Fig. 3.29a) and acceleration in projectile motion (Fig. 3.29b). It’s
true that in both kinds of motion the magnitude of acceleration is the same at all times. However, in
uniform circular motion the direction of d changes continuously—it always points toward the cen-
ter of the circle and is always perpendicular to the velocity . In projectile motion, the direction of
d remains the same at all times and is perpendicular to @ only at the highest point of the trajectory.

We can also express the magnitude of the acceleration in uniform circular motion in
terms of the period T 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 circumference 27 R of the

circle, so its speed is

27mR
V= (3.28)
T
When we substitute this into Eq. (3.27), we obtain the alternative expression
Magnitude of acceleration ... 4R« Radius of object’s circular path
of an object in uarad ——— (3.29)

uniform circular motion

EXAMPLE 3.11 Centripetal acceleration on a curved road

T2 e Period of motion

witH VARIATION PROBLEMS

An Aston Martin V12 Vantage sports car has a “lateral acceleration” of
0.97g = (0.97)(9.8 m/s*) = 9.5 m/s%. This is the maximum centrip-
etal acceleration the car can sustain without skidding out of a curved
path. If the car is traveling at a constant 40 m/s (144 km/h) on level
ground, what is the radius R of the tightest unbanked curve it can
negotiate?

IDENTIFY, SET UP, and EXECUTE The car is in uniform circular motion
because it’s moving at a constant speed along a curve that is a segment of
a circle. Hence we can use Eq. (3.27) to solve for the target variable R in
terms of the given centripetal acceleration a,,q and speed v:

v2  (40m/s)?

Arad a 9.5 m/52

This is the minimum turning radius because a,,q is the maximum cen-
tripetal acceleration.

EVALUATE The minimum turning radius R is proportional to the square
of the speed, so even a small reduction in speed can make R substan-
tially smaller. For example, reducing v by 20% (from 40 m/s to 32 m/s)
would decrease R by 36% (from 170 m to 109 m).

Another way to make the minimum turning radius smaller is to
bank the curve. We'll investigate this option in Chapter 5.

KEYCONCEPT For uniform circular motion at a given speed, de-
creasing the radius increases the centripetal acceleration.

EXAMPLE 3.12 Centripetal acceleration on a fairground ride

wiTH VARIATION PROBLEMS

Passengers on a fairground ride move at constant speed in a horizontal
circle of radius 5.0 m, making a complete circle in 4.0 s. What is their
acceleration?

IDENTIFY and SET UP The speed is constant, so this is uniform circular
motion. We are given the radius R = 5.0 m and the period T = 4.0 s,
so we can use Eq. (3.29) to calculate the acceleration directly, or we can
calculate the speed v by using Eq. (3.28) and then find the acceleration
by using Eq. (3.27).

EXECUTE From Eq. (3.29),
47*(5.0 m)
(4.05)2

EVALUATE We can check this answer by using the second, roundabout
approach. From Eq. (3.28), the speed is

Qrad = = 12m/s> = 13g

_27R _ 2mw(50m)

T p0s  Com/s

The centripetal acceleration is then

2 7.9 m/s)?
Arad = % = % = 12 m/s’

As in Fig. 3.29a, the direction of a is always toward the center of the
circle. The magnitude of a is relatively mild as fairground rides go;
some roller coasters subject their passengers to accelerations as great
as 4g. To produce this acceleration with a fairground ride of radius
5.0 m would require a shorter period 7 and hence a faster speed v than
in this example.

KEYCONCEPT For uniform circular motion with a given ra-
dius, decreasing the period increases the speed and the centripetal
acceleration.
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APPLICATION Watch Out: Tight
Curves Ahead! These roller coaster cars
are in nonuniform circular motion: They slow
down and speed up as they move around

a vertical loop. The large accelerations
involved in traveling at high speed around

a tight loop mean extra stress on the pas-
sengers’ circulatory systems, which is why
people with cardiac conditions are cau-
tioned against going on such rides.

Figure 3.30 A particle moving in a
vertical loop with a varying speed, like
aroller coaster car.

Speed slowest, a,,q minimum, a,,, zero

Speeding up; ay,, in Slowing down;
same direction as U Qy,n OppOSite to U
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Nonuniform Circular Motion

We have assumed throughout this section that the particle’s speed is constant as it goes
around the circle. If the speed varies, we call the motion nonuniform circular motion.
In nonuniform circular motion, Eq. (3.27) still gives the radial component of acceleration
draq = U*/R, which is always perpendicular to the instantaneous velocity and directed to-
ward the center of the circle. But since the speed v has different values at different points
in the motion, the value of a4 is not constant. The radial (centripetal) acceleration is
greatest at the point in the 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 3.27c). This is the component g that we
discussed in Section 3.2; here we call this component a,, to emphasize that it is tangent to
the circle. This component, called the tangential acceleration a,,,, is equal to the rate of
change of speed. Thus

v’ d|v|

Arad = and Atan = dt

R (nonuniform circular motion) (3.30)

The tangential component is in the same direction as the velocity if the particle is speed-
ing up, and in the opposite direction if the particle is slowing down (Fig. 3.30). If the
particle’s speed is constant, ag,, = 0.

CAUTION Uniform vs. nonuniform circular motion The two quantities
d|v)|
dt

&
dt

are not the same. The first, equal to the tangential acceleration, is the rate of change of speed;
it is zero whenever a particle moves with constant speed, even when its direction of motion
changes (such as in uniform circular motion). The second is the magnitude of the vector accel-
eration; it is zero only when the particle’s acceleration vector is zero—that is, when the particle
moves in a straight line with constant speed. In uniform circular motion |dv/dt| = ayq = v*/r;
in nonuniform circular motion there is also a tangential component of acceleration, so

|dl—5/dt| =V arad2 + atanz-

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) V2
times as great; (ii) 2 times as great; (iii) 2 V2 times as great; (iv) 4 times as great; or (v) 16
times as great?
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EX) RELATIVE VELOCITY

If you stand next to a one-way highway, all the cars appear to be moving forward. But if
you'’re 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 object, they get different
results if one observer is moving relative to the other. The velocity seen by a particular ob-
server is called the velocity relative to that observer, or simply relative velocity. In many
situations relative velocity is extremely important (Fig. 3.31).

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 of +1.0 m/s along the aisle of a train that is moving
with a velocity of +3.0 m/s (Fig. 3.32a). 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 moving at +1.0 m/s. A person on a bicycle standing beside the train sees the
walking passenger moving at +1.0 m/s + 3.0 m/s = +4.0 m/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 relative to a particular observer.
The walking passenger’s velocity relative to the train is +1.0 m/s, her velocity relative to
the cyclist is +4.0 m/s, and so on. Each observer, equipped in principle with a meter stick
and a stopwatch, forms what we call a frame 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 respect
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 xp/4 (the
position of P with respect to A), and the position of P relative to frame B is given by
xp/p (Fig. 3.32b). The position of the origin of B with respect to the origin of A is xp/4.
Figure 3.32b shows that

xP/A = xP/B + xB/A (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 A, denoted by vp/4.,, is the derivative of xp/4 with
respect to time. We can find the other velocities in the same way. So the time derivative of
Eq. (3.31) gives us a relationship among the various velocities:

dxp/a  dxpp  dxpja
= + or

dt dt dt

Relative velocity
along a line:

‘lV)P/A-)C = Uf/B-x + UB/AY:)C (3.32)

x-velocity of
B relative to A

x»{/elocity of
P relative to B

x—veloé‘ity of
P 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 pas-
senger. Using the above notation, we have

Up/pr = +1.0m/s Up/ax = +3.0m/s

From Eq. (3.32) the passenger’s velocity vp/4. relative to the cyclist is
Up/ax = +1.0m/s + 3.0m/s = +4.0m/s

as we already knew.

In this example, both velocities are toward the right, and we have taken this as the positive
x-direction. If the passenger walks toward the left relative to the train, thenvp/p., = —1.0 m/s,
and her x-velocity relative to the cyclist is vp/s, = —1.0m/s + 3.0 m/s = +2.0 m/s.
The sum in Eq. (3.32) is always an algebraic sum, and any or all of the x-velocities 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 vy/p.,. This is
just the negative of the passenger’s velocity relative to the cyclist, vpjs.. In general, if A
and B are any two points or frames of reference,

UA/B—x = _UB/A—x (3.33)
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Figure 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 other (to keep a tight
formation without colliding), and relative
to their audience (to remain in sight of the
spectators).

Figure 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.

Ya VB
Cyclist's
frame

. Velocity of train
Up/a relative to cyclist

Position of passenger
in both frames

Lo Train’s
frame

| “’2 P XBs
N Op XA

XB/A T Xp/B
Xp/A
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PROBLEM-SOLVING STRATEGY 3.2 Relative Velocity

IDENTIFY the relevant concepts: Whenever you see the phrase “ve-
locity relative to” or “velocity with respect to,” it’s likely that the con-
cepts of relative velocity will be helpful.

SET UP the problem: Sketch and label each frame of reference in
the problem. Each moving object has its own frame of reference; in
addition, you’ll almost always have to include the frame of reference
of the earth’s surface. (Statements such as “The car is traveling north
at 90 km/h” implicitly refer to the car’s velocity relative to the surface
of the earth.) Use the labels to help identify the target variable. For
example, if you want to find the x-velocity of a car (C) with respect
to a bus (B), your target variable is v¢/p.y-

EXECUTE the solution: Solve for the target variable using Eq. (3.32).
(If the velocities aren’t along the same direction, you’ll need to use
the vector form of this equation, derived later in this section.) It’s

important to note the order of the double subscripts in Eq. (3.32):
Up/a-x means “x-velocity of B relative to A.” These subscripts obey
a kind of algebra. If we regard each one as a fraction, then the frac-
tion on the left side is the product of the fractions on the right side:
P/A = (P/B)(B/A). You can apply this rule to any number of frames
of reference. For example, if there are three frames of reference A, B,
and C, Eq. (3.32) becomes

Up/A-x = Upj/c-x + Uc/Bx + UBjax

EVALUATE your answer: Be on the lookout for stray minus signs in
your answer. If the target variable is the x-velocity of a car relative to
a bus (v¢yp.,), make sure that you haven’t accidentally calculated the
x-velocity of the bus relative to the car (vg/c.,). If you’ve made this
mistake, you can recover by using Eq. (3.33).

EXAMPLE 3.13 Relative velocity on a straight road

witH VARIATION PROBLEMS

You drive north on a straight two-lane road at a constant 88 km/h. A
truck in the other lane approaches you at a constant 104 km/h (Fig. 3.33).
Find (a) the truck’s velocity relative to you and (b) your velocity relative
to the truck. (c) How do the relative velocities change after you and the
truck pass each other? Treat this as a one-dimensional problem.

IDENTIFY and SET UP In this problem about relative velocities along
a line, there are three reference frames: you (Y), the truck (T), and the
earth’s surface (E). Let the positive x-direction be north (Fig. 3.33). Then
your x-velocity relative to the earth is vy/g., = +88 km/h. The truck is
initially approaching you, so it is moving south and its x-velocity with
respect to the earth is vy/p, = —104 km/h. The target variables in parts
(a) and (b) are vy/y. and vy 1.y, respectively. We’ll use Eq. (3.32) to find
the first target variable and Eq. (3.33) to find the second.

EXECUTE (a) To find vr/y.,, we write Eq. (3.32) for the known vp/g.,
and rearrange:

UT/E-x = UT/Y-x T Uy/Ex
UI/Y-x = Ur/Ex — Uy/Ew = —104 km/h — 88 km/h = —192 km/h
The truck is moving at 192 km/h in the negative x-direction (south)
relative to you.

(b) From Eq. (3.33),

Uy/Tx = —Urjyr = —(—192 km/h) = +192 km/h

You are moving at 192 km/h in the positive x-direction (north) relative
to the truck.

(c) The relative velocities do not change after you and the truck
pass each other. The relative positions of the objects don’t matter. After

Figure 3.33 Reference frames for you and the truck.

Truck (T)

Earth (E)

it passes you, the truck is still moving at 192 km/h toward the south
relative to you, even though it is now moving away from you instead
of toward you.

EVALUATE To check your answer in part (b), use Eq. (3.32) directly
in the form vy 1., = Vy/gx + Ug/r-x- (The x-velocity of the earth with
respect to the truck is the opposite of the x-velocity of the truck with
respect to the earth: vg/7.c = —Ur/g..) DO you get the same result?

KEYCONCEPT To solve problems involving relative velocity along
a line, use Eq. (3.32) and pay careful attention to the subscripts for the
frames of reference in the problem.

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 speed of 1.0 m/s (Fig. 3.34a). We can
again describe the passenger’s position P in two frames of reference: A for the stationary
ground observer and B for the moving train. But instead of coordinates x, we use position



Figure 3.34 (a) A passenger walking across a railroad car. (b) Position 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 frame), T)P/A.
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B
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vectors F because the problem is now two-dimensional. Then, as Fig. 3.34b shows,
?P/A = ;:P/B + ?B/A (3.34)

Just as we did before, we take the time derivative of this equation to get a relationship
among the various velocities; the velocity of P relative to A is ﬁP/A = drp/s/dt and so on
for the other velocities. We get

.Relative velocity ‘WﬁP/A = 6P/B e 6B/A (3.35)
in space: - B T,

Velocity of

B relative to A

\}elocit}f of
P relative to B

Velocitylof
P relative to A

Equation (3.35) is known as the Galilean velocity transformation. It relates the veloc-
ity of an object P with respect to frame A and its velocity with respect to frame B (Up/4
and Up/p, respectively) to the velocity of frame B with respect to frame A (Tp/4). If all
three of these velocities lie along the same line, then Eq. (3.35) reduces to Eq. (3.32) for
the components of the velocities along that line.

If the train is moving at vg/4, = 3.0 m/s relative to the ground and the passenger is
moving at vp/p = 1.0 m/s relative to the train, then the passenger’s velocity vector 3P/A
relative to the ground is as shown in Fig. 3.34c. The Pythagorean theorem then gives us

Up/a = \/(3.0 m/s)? + (1.0m/s)? = V10 m?/s2 = 3.2 m/s

Figure 3.34¢ also shows that the direction of the passenger’s velocity vector relative to
the ground makes an angle ¢ with the train’s velocity vector U/, where

Up/p 1.0m/s
L 7/ and ¢ = 18°

vg/a  3.0m/s

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,

ﬁA/B = _BB/A (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, denoted by c. It turns out that if the passenger
in Fig. 3.32a could walk down the aisle at 0.30c¢ and the train could move at 0.90c, then
her speed relative to the ground would be not 1.20c¢ but 0.94c¢; nothing can travel faster
than light! We’ll return to Einstein and his special theory of relativity in Chapter 37.

3

s/w (¢ = Vg

APPLICATION Relative Velocities
near the Speed of Light This image
shows a spray of subatomic particles
produced by the head-on collision of

two protons moving in opposite direc-
tions. Relative to the laboratory, before
the collision each proton is moving only

11 m/s slower than the speed of light,

¢ = 3.00 x 108 m/s. According to the
Galilean velocity transformation, the ve-
locity of one proton relative to the other
should be approximately ¢ + ¢ = 2c¢. But
Einstein’s special theory of relativity shows
that the relative velocity of the two protons
must be slower than the speed of light: In
fact it is equal to ¢ minus 0.19 millimeter
per second.

Collision occurs here.
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EXAMPLE 3.14 Flying in a crosswind

wiTH VARIATION PROBLEMS

An airplane’s compass indicates that it is headed due north, and its air-
speed indicator shows that it is moving through the air at 240 km/h. If
there is a 100 km/h wind from west to east, what is the velocity of the
airplane relative to the earth?

IDENTIFY and SET UP This problem involves velocities in two dimen-
sions (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 given the magnitude
and direction of the wind velocity, which is the velocity of the air A

with respect to the earth (E):
Up/a = 240 km/h due north
Ua/e = 100 km/h due east

We'll use Eq. (3.35) to find our target variables: the magnitude and di-
rection of velocity Up/g of the plane relative to the earth.

EXECUTE From Eq. (3.35) we have
Up/g = Up/a + UasE

Figure 3.35 shows that the three relative velocities constitute a right-
triangle vector addition; the unknowns are the speed vp/g and the angle
a. We find

vpe = V(240 km/h)® + (100 km/h)? = 260 km/h

100 km/h

— ) Z 23°Eof N
240 km/h) ©

a = arctan(

Figure 3.35 The plane is pointed north, but the wind blows east,
giving the resultant velocity Up/g; relative to the earth.

Uy/e = 100 km/h,
east

3P/A =
240 km/h,
north

EVALUATE You can check the results by taking measurements on the
scale drawing in Fig. 3.35. The crosswind increases the speed of the
airplane relative to the earth, but pushes the airplane off course.

KEYCONCEPT To solve problems involving relative velocity in a
plane or in space, use Eq. (3.35). Pay careful attention to the subscripts
for the frames of reference in the problem.

EXAMPLE 3.15 Correcting for a crosswind

wiTH VARIATION PROBLEMS

With wind and airspeed as in Example 3.14, in what direction should
the pilot head to travel due north? What will be her velocity relative to
the earth?

IDENTIFY and SET UP Like Example 3.14, this is a relative-velocity
problem with vectors. Figure 3.36 is a scale drawing of the situation.
Again the vectors add in accordance with Eq. (3.35) and form a right
triangle:

. _
Up/g = Up/a + Up/E

As Fig. 3.36 shows, the pilot points the nose of the airplane at an angle
B into the wind to compensate for the crosswind. This angle, which
tells us the direction of the vector Up/4 (the velocity of the airplane rel-
ative 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 vector Upg (the velocity of the airplane relative to the earth). The
known and unknown quantities are

ﬁp/E = magnitude unknown due north

100 km/h

direction unknown

due east

N
UA/E

We’ll solve for the target variables by using Fig. 3.36 and trigonometry.

Figure 3.36 The pilot must point the plane in the direction of the
vector ﬁp/ A to travel due north relative to the earth.

Uy/e = 100 km/h,
east

Upja = v
240 km/h, nerh
at angle B




EXECUTE From Fig. 3.36 the speed vp/g and the angle 8 are

vpe = V(240 km/h)% — (100 km/h)? = 218 km/h
/100 km/h
B = arcsinf ———— | = 25°
240 km/h

The pilot should point the airplane 25° west of north, and her ground
speed is then 218 km/h.

EVALUATE There were two target variables—the magnitude of a vec-
tor and the direction of a vector—in both this example and Example
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3.14. In Example 3.14 the magnitude and direction referred to the same
vector (Up/g); here they refer to different vectors (Up/g and Up/a).

While we expect a headwind to 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.

KEYCONCEPT The vector equation for relative velocity in a plane,
Eq. (3.35), allows you to solve for two unknowns, such as an unknown
vector magnitude and an unknown direction.

TEST YOUR UNDERSTANDING OF SECTION 3.5 Suppose the nose of an airplane is pointed
due east and the airplane has an airspeed of 150 km/h. Due to the wind, the airplane is moving due
north relative to the ground and its speed relative to the ground is 150 km/h. What is the velocity
of the air relative to the earth? (i) 150 km/h from east to west; (ii) 150 km/h from south to north;
(iii) 150 km/h from southeast to northwest; (iv) 212 km/h from east to west; (v) 212 km/h from
south to north; (vi) 212 km/h from southeast to northwest; (vii) there is no possible wind velocity

that could cause this.

ANSWER
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SUMMARY

Position, velocity, and acceleration vectors: The position vec- F=xi+yj+zk (3.1) y
tor 7 of a point P in space is the vector from the origin to P. Its S .
components are the coordinates x, y, and z. Uy = nTn_ A7 (3.2) ,' 8= AF
The average velocity vector Uy, during the time interval At is h=G &Y ! LA
the displacement AF (the change in position vector 7) divided by . - AFdF T ol ny R AP
At. The instantaneous velocity vector U is the time derivative of U= am At = dr (3.3) Ay " \\
7, and its components are the time derivatives of x, y, and z. The a2 Wa|pT f== —-e- = >—— >
instantaneous speed is the magnitude of v. The velocity v of a v, = a3 v, = y v, = e (3.4) : oo
particle is always tangent to the particle’s path. (See Example i g 2 0 X X *
3.1) N U, — U AD |_M%|
The average acceleration vector d,, during the time interval b = T Ar (3.8)
At equals AU (the change in velocity vector 0) divided by Atz. L .
The instantaneous acceleration vector d is the time derivative of 4 = lm Av -4 (3.9) U2
¥, and its components are the time derivatives of v,, v,, and v,. 0 B b y
(See Example 3.2.) _dv, I Y G L _ A
The component of acceleration parallel to the direction of the A= g v / o Ar
instantaneous velocity affects the speed, while the component of @ dv
perpendicular to U affects the direction of motion. (See Examples a, = — (3.10) N
3.3 and 3.4) gy 5\ S~ee_
_dv, v,
a; = dr 7 X
Projectile motion: In projectile motion with no air resistance, x = (vycos ap)t (3.19)
a, = 0and a, = —g. The coordinates and velocity components y = (vosinao)t — g (3.20)
are simple functions of time, and the shape of the path is always
a parabola. We usually choose the origin to be at the initial posi- Ux = UoCOSag 3.21)
tion of the projectile. (See Examples 3.5 -3.10.) v, = vpsinay — gt (3.22) x
Uniform and nonuniform circular motion: When a particle moves v? 3
in a circular path of radius R with constant speed v (uniform Grad = o ©e27) Ak A\
circular motion), its acceleration 4 is directed toward the center AR /7 Orad ! a0
of the circle and perpendicular to v. The magnitude a,,q of this Arad = ? (3.29) g faa . L \
radial acceleration can be expressed in terms of v and R or in i il 071G
terms of R and the period 7 (the time for one revolution), where \ \ “‘m/
v = 27R/T. (See Examples 3.11 and 3.12.) dag |
If the speed is not constant in circular motion (nonuniform B \~~_ Frad <
circular motion), there is still a radial component of @ given by v
Eq. (3.27) or (3.29), but there is also a component of @ parallel
(tangential) to the path. This tangential component is equal to
the rate of change of speed, dv/dt.
Relative velocity: When an object P moves relative to an object Up/Ax = Up/Bx + Up/ax (3.32) By
(or reference frame) B, and B moves relative to an object (or refer- (relative velocity along a line) Upja = Upp + Upyy
ence frame) A, we denote the velocity of P relative to B by ﬂP/B, . . . G
the velocity of P relative to A by Up/4, and the velocity of B rela- Up/a = Up/ + Upja (GI25) B2
tive to A by Up/4. If these velocities are all along the same line, (relative velocity in space) .
their components along that line are related by Eq. (3.32). More (planc)
generally, these velocities are related by Eq. (3.35). (See Examples
3.13-3.15) =% B (moving air)

; ®&——A (ground

observer)
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Chapter 3 Media Assets [EF% =]

KEY EXAMPLE VARIATION PROBLEMS

Be sure to review EXAMPLES 3.6, 3.7, 3.8, and 3.9 (Section 3.3) before
attempting these problems. In all problems, ignore air resistance.
VP3.9.1 You launch a projectile from level ground at a speed of
25.0m/s and an angle of 36.9° above the horizontal. (a) How long after
it is launched does the projectile reach its maximum height above the
ground, and what is that maximum height? (b) How long after the pro-
jectile is launched does it return to ground level, and how far from its
launch point does it land?

VP3.9.2 You throw a baseball at an angle of 30.0° above the horizon-
tal. It reaches the highest point of its trajectory 1.05 s later. (a) At what
speed does the baseball leave your hand? (b) What is the maximum
height above the launch point that the baseball reaches?

VP3.9.3 You toss a walnut at a speed of 15.0m/s at an angle of 50.0°
above the horizontal. The launch point is on the roof of a building that
is 20.0 m above the ground. (a) How long after it is launched does the
walnut reach the ground? (b) How far does the walnut travel horizontally
from launch point to landing point? (c) What are the horizontal and verti-
cal components of the walnut’s velocity just before it reaches the ground?
VP3.9.4 You use a slingshot to launch a potato horizontally from the
edge of a cliff with speed vy. The acceleration due to gravity is g. Take
the origin at the launch point. (a) How long after you launch the potato
has it moved as far horizontally from the launch point as it has moved
vertically? What are the coordinates of the potato at this time? (b) How
long after you launch the potato is it moving in a direction exactly 45°
below the horizontal? What are the coordinates of the potato at this time?

Be sure to review EXAMPLES 3.11 and 3.12 (Section 3.4) before
attempting these problems.

VP3.12.1 A cyclist going around a circular track at 10.0 m/s has a
centripetal acceleration of 5.00m/s>. What is the radius of the curve?
VP3.12.2 A race car is moving at 40.0 m/s around a circular racetrack
of radius 265 m. Calculate (a) the period of the motion and (b) the car’s
centripetal acceleration.

VP3.12.3 The wheel of a stationary exercise bicycle at your gym makes
one rotation in 0.670 s. Consider two points on this wheel: Point P is
10.0 cm from the rotation axis, and point Q is 20.0 cm from the rota-
tion axis. Find (a) the speed of each point on the spinning wheel and (b)
the centripetal acceleration of each point. (¢) For points on this spinning
wheel, as the distance from the axis increases, does the speed increase or
decrease? Does the centripetal acceleration increase or decrease?

BRIDGING PROBLEM Launching Up an Incline

VP3.12.4 The planets Venus, Earth, and Mars all move in approximately
circular orbits around the sun. Use the data in the table to find (a) the
speed of each planet in its orbit and (b) the centripetal acceleration of each
planet. (c) As the size of a planet’s orbit increases, does the speed increase
or decrease? Does the centripetal acceleration increase or decrease?

Planet Orbital radius (m) Orbital period (days)
Venus 1.08 x 10! 225
Earth 1.50 x 10! 365
Mars 2.28 x 10" 687

VP3.12.5 Object A is moving at speed v in a circle of radius R. Object
B is moving at speed 2v in a circle of radius R/2. (a) What is the ratio
of the period of object A to the period of object B? (b) What is the ratio
of the centripetal acceleration of object A to the centripetal acceleration
of object B?

Be sure to review EXAMPLES 3.13, 3.14, and 3.15 (Section 3.5)
before attempting these problems.

VP3.15.1 A police car in a high-speed chase is traveling north on a
two-lane highway at 35.0m/s. In the southbound lane of the same high-
way, an SUV is moving at 18.0 m/s. Take the positive x-direction to be
toward the north. Find the x-velocity of (a) the police car relative to the
SUV and (b) the SUV relative to the police car.

VP3.15.2 Race cars A and B are driving on the same circular race-
track at the same speed of 45.0m/s. At a given instant car A is on the
north side of the track moving eastward and car B is on the south side
of the track moving westward. Find the velocity vector (magnitude and
direction) of (a) car A relative to car B and (b) car B relative to car A.
(c) Does the relative velocity have a component along the line con-
necting the two cars? Are the two cars approaching each other, moving
away from each other, or neither?

VP3.15.3 Two vehicles approach an intersection: a truck moving east-
bound at 16.0m/s and an SUV moving southbound at 20.0m/s. Find
the velocity vector (magnitude and direction) of (a) the truck relative to
the SUV and (b) the SUV relative to the truck.

VP3.15.4 A jet is flying due north relative to the ground. The speed of
the jet relative to the ground is 155m/s. The wind at the jet’s altitude is
40.0m/s toward the northeast (45.0° north of east). Find the speed of the
jet relative to the air (its airspeed) and the direction in which the pilot of the
jet must point the plane so that it travels due north relative to the ground.

You fire a ball with an initial speed v, at an angle ¢ above the surface of an
incline, which is itself inclined at an angle 6 above the horizontal (Fig. 3.37).
(a) Find the distance, measured along the incline, from the launch point to
the point when the ball strikes the incline. (b) What angle ¢ gives the maxi-
mum range, measured along the incline? Ignore air resistance.

SOLUTION GUIDE

IDENTIFY and SET UP

1. Since there’s no air resistance, this is a problem in projectile
motion. The goal is to find the point where the ball’s parabolic
trajectory intersects the incline.

Figure 3.37 Launching a ball from an inclined ramp.

Vg

Continued
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2. Choose the x- and y-axes and the position of the origin. When
in doubt, use the suggestions given in Problem-Solving Strategy
3.1 in Section 3.3.

3. In the projectile equations in Section 3.3, the launch angle «
is measured from the horizontal. What is this angle in terms of
0 and ¢? What are the initial x- and y-components of the ball’s
initial velocity?

4. You’ll need to write an equation that relates x and y for points
along the incline. What is this equation? (This takes just geom-
etry and trigonometry, not physics.)

EXECUTE

5. Write the equations for the x-coordinate and y-coordinate of the
ball as functions of time z.

6. When the ball hits the incline, x and y are related by the equa-
tion that you found in step 4. Based on this, at what time ¢ does
the ball hit the incline?

7. Based on your answer from step 6, at what coordinates x and y
does the ball land on the incline? How far is this point from the
launch point?

8. What value of ¢ gives the maximum distance from the
launch point to the landing point? (Use your knowledge of
calculus.)

EVALUATE

9. Check your answers for the case # = 0, which corresponds to
the incline being horizontal rather than tilted. (You already
know the answers for this case. Do you know why?)

PROBLEMS

e, oo oeoe: Difficulty levels. CP: Cumulative problems incorporating material from earlier chapters. CALC: Problems requiring calculus.
DATA: Problems involving real data, scientific evidence, experimental design, and/or statistical reasoning. BI0: Biosciences problems.

DISCUSSION QUESTIONS

Q3.1 A simple pendulum (a mass swinging at the end of a string)
swings back and forth in a circular arc. What is the direction of the ac-
celeration of the mass when it is at the ends of the swing? At the mid-
point? In each case, explain how you obtained your answer.

Q3.2 Redraw Fig. 3.11a if @ is antiparallel to U;. Does the particle
move in a straight line? What happens to its speed?

Q3.3 A projectile moves in a parabolic path without air resistance. Is
there any point at which a is parallel to ¥? Perpendicular to ¥? Explain.
Q3.4 A book slides off a horizontal tabletop. As it leaves the table’s
edge, the book has a horizontal velocity of magnitude vy. The book
strikes the floor in time 7. If the initial velocity of the book is doubled to
2v, what happens to (a) the time the book is in the air, (b) the horizontal
distance the book travels while it is in the air, and (c) the speed of the
book just before it reaches the floor? In particular, does each of these
quantities stay the same, double, or change in another way? Explain.
Q3.5 At the instant that you fire a bullet horizontally from a rifle, you
drop a bullet from the height of the gun barrel. If there is no air resis-
tance, which bullet hits the level ground first? Explain.

Q3.6 A package falls out of an airplane that is flying in a straight line
at a constant altitude and speed. If you ignore air resistance, what would
be the path of the package as observed by the pilot? As observed by a
person on the ground?

Q3.7 Sketch the six graphs of the x- and y-components of position,
velocity, and acceleration versus time for projectile motion with
X0 = Yo = Oand 0 < oy < 90°.

Q3.8 If a jumping frog can give itself the same initial speed regardless
of the direction in which it jumps (forward or straight up), how is the
maximum vertical height to which it can jump related to its maximum
horizontal range Ry, = v3/g?

Q3.9 A projectile is fired upward at an angle 6 above the horizontal
with an initial speed vy. At its maximum height, what are its velocity
vector, its speed, and its acceleration vector?

Q3.10 In uniform circular motion, what are the average velocity and
average acceleration for one revolution? Explain.

Q3.11 In uniform circular motion, how does the acceleration change
when the speed is increased by a factor of 37 When the radius is de-
creased by a factor of 2?

Q3.12 In uniform circular motion, the acceleration is perpendicu-
lar to the velocity at every instant. Is this true when the motion is not
uniform—that is, when the speed is not constant?

Q3.13 Raindrops hitting the side windows of a car in motion often
leave diagonal streaks even if there is no wind. Why? Is the explanation
the same or different for diagonal streaks on the windshield?

Q3.14 In a rainstorm with a strong wind, what determines the best po-
sition in which to hold an umbrella?

Q3.15 You are on the west bank of a river that is flowing north with
a speed of 1.2m/s. Your swimming speed relative to the water is
1.5 m/s, and the river is 60 m wide. What is your path relative to the
earth that allows you to cross the river in the shortest time? Explain
your reasoning.

Q3.16 A stone is thrown into the air at an angle above the horizontal
and feels negligible air resistance. Which graph in Fig. Q3.16 best de-
picts the stone’s speed v as a function of time 7 while it is in the air?

Figure @3.16
1% 1% U 1% v
ﬁ[ L[ V t V t !/\ t
(@ (b) (9 (d) (e)
EXERCISES

Section 3.1 Position and Velocity Vectors

3.1 e A squirrel has x- and y-coordinates (1.5 m, 2.9 m) at time #; = 0
and coordinates (5.9 m, —0.6 m) at time #, = 3.0 s. For this time inter-
val, find (a) the components of the average velocity, and (b) the magni-
tude and direction of the average velocity.

3.2 e A rhinoceros is at the origin of coordinates at time #; = 0. For
the time interval from #; = 0 to ©, = 12.5 s, the rhino’s average ve-
locity has x-component —4.0 m/s and y-component 4.3 m/s. At time
t = 12.5 s, (a) what are the x- and y-coordinates of the rhino? (b) How
far is the rhino from the origin?



3.3 ee CALC A web page designer creates an animation in which
a dot on a computer screen has position

F = [44cm+ (2.8 em/s?)r?] + (5.5 cm/s)z].
(a) Find the magnitude and direction of the dot’s average velocity be-
tween t =0 and 7 = 2.0s. (b) Find the magnitude and direction
of the instantaneous velocity at + =0, = 1.0s, and 7= 2.0s.
(c) Sketch the dot’s trajectory from ¢t = 0 to t+ = 2.0 s, and show the
velocities calculated in part (b).
3.4 o CALC The position of a squirrel running in a park is given by
7 = [(0.280 m/s)r + (0.0360 m/s?)#2]7 + (0.0190 m/s*)7*]. (a) What
are v,(¢) and vy(t), the x- and y-components of the velocity of the squir-
rel, as functions of time? (b) At ¢ = 5.74 s, how far is the squirrel from
its initial position? (c) At r = 5.74 s, what are the magnitude and direc-
tion of the squirrel’s velocity?

Section 3.2 The Acceleration Vector

3.5 ® A jet plane is flying at a constant altitude. At time #; = 0, it has
components of velocity v, = 88 m/s, v, = 115 m/s. Attime, = 30.0's,
the components are v, = —175 m/s, v, = 35 m/s. (a) Sketch the veloc-
ity vectors at #; and . How do these two vectors differ? For this time
interval calculate (b) the components of the average acceleration, and
(c) the magnitude and direction of the average acceleration.

3.6 e A dog running in an open field has components of velocity
v, = 3.2m/s and v, = —1.8 m/s at #; = 11.1 s. For the time interval
from#; = 11.1sto t, = 24.9 s, the average acceleration of the dog has
magnitude 0.54 m/s> and direction 33.5° measured from the +x-axis to-
ward the +y-axis. At , = 24.9 s, (a) what are the x- and y-components
of the dog’s velocity? (b) What are the magnitude and direction of the
dog’s velocity? (c) Sketch the velocity vectors at #; and t,. How do these
two vectors differ?

3.7 ee CALC The coordinates of a bird flying in the xy-plane are
given by x(r) = ar and y(r) = 3.0m — B>, where a = 2.4m/s
and B = 1.2 m/s’. (a) Sketch the path of the bird between ¢ = 0 and
t = 2.0 s. (b) Calculate the velocity and acceleration vectors of the bird
as functions of time. (c) Calculate the magnitude and direction of the
bird’s velocity and acceleration at = 2.0 s. (d) Sketch the velocity and
acceleration vectors at t = 2.0 s. At this instant, is the bird’s speed in-
creasing, decreasing, or not changing? Is the bird turning? If so, in what
direction?

3.8 ¢ CALC A remote-controlled car is moving in a vacant parking
lot. The velocity of the car as a function of time is given by U =
[5.00 m/s — (0.0180 m/s*)2]7 + [2.00 m/s + (0.550 m/s>)¢]]. (a)
What are a,(t) and a,(t), the x- and y-components of the car’s velocity
as functions of time? (b) What are the magnitude and direction of the
car’s velocity at + = 6.87 s? (c) What are the magnitude and direction
of the car’s acceleration at t = 6.87 s?

SECTION 3.3 Projectile Motion

3.9 ¢ A physics book slides off a horizontal tabletop with a speed
of 1.40 m/s. It strikes the floor in 0.320 s. Ignore air resistance. Find
(a) the height of the tabletop above the floor; (b) the horizontal distance
from the edge of the table to the point where the book strikes the floor;
(c) the horizontal and vertical components of the book’s velocity, and
the magnitude and direction of its velocity, just before the book reaches
the floor. (d) Draw x-t, y-t, v-t, and v-t graphs for the motion.

3.10 ee A daring 510 N swimmer dives off a cliff with a running hori-
zontal leap, as shown in Fig. E3.10. What must her minimum speed be
just as she leaves the top of the cliff so that she will miss the ledge at
the bottom, which is 1.75 m wide and 9.00 m below the top of the cliff?
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Figure E3.10

3.11 e Crickets Chirpy and Milada jump from the top of a vertical cliff.
Chirpy drops downward and reaches the ground in 3.10 s, while Milada
jumps horizontally with an initial speed of 94.0 cm/s. How far from the
base of the cliff will Milada hit the ground? Ignore air resistance.

3.12 e You throw a basketball with an initial upward velocity com-
ponent of 8.0 m/s and a horizontal velocity component of 12.0 m/s.
Ignore air resistance. (a) How much time is required for the basketball
to reach the highest point of the trajectory? (b) How high is this point?
(c) How much time (after it is thrown) is required for the basketball to
return to its original level? How does this compare with the time cal-
culated in part (a)? (d) How far has the basketball traveled horizontally
during this time? (e) Draw x-t, y-t, v,-t, and Uyt graphs for the motion.
3.13 ee Leaping the River I. During a storm, a car traveling on
a level horizontal road comes upon a bridge that has washed out. The
driver must get to the other side, so he decides to try leaping the river with
his car. The side of the road the car is on is 21.5 m above the river, while
the opposite side is only 2.0 m above the river. The river itself is a raging
torrent 57.0 m wide. (a) How fast should the car be traveling at the time
it leaves the road in order just to clear the river and land safely on the
opposite side? (b) What is the speed of the car just before it lands on the
other side?

3.14 » BIO The Champion Jumper of the Insect World. The frog-
hopper, Philaenus spumarius, holds the world record for insect jumps.
When leaping at an angle of 58.0° above the horizontal, some of the
tiny critters have reached a maximum height of 58.7 cm above the
level ground. (See Nature, Vol. 424, July 31, 2003, p. 509.) Neglect air
resistance in answering the following. (a) What was the takeoff speed
for such a leap? (b) What horizontal distance did the froghopper cover
for this world-record leap?

3.15 ee Inside a starship at rest on the earth, a ball rolls off the top
of a horizontal table and lands a distance D from the foot of the table.
This starship now lands on the unexplored Planet X. The commander,
Captain Curious, rolls the same ball off the same table with the same
initial speed as on earth and finds that it lands a distance 2.72D from the
foot of the table. What is the acceleration due to gravity on Planet X?
3.16 © On level ground a shell is fired with an initial velocity of
71.0 m/s at 55.9° above the horizontal and feels no appreciable air re-
sistance. (a) Find the horizontal and vertical components of the shell’s
initial velocity. (b) How long does it take the shell to reach its highest
point? (c) Find its maximum height above the ground. (d) How far from
its firing point does the shell land? (e) At its highest point, find the hori-
zontal and vertical components of its acceleration and velocity.

3.17 * A major leaguer hits a baseball so that it leaves the bat
at a speed of 33.0m/s and at an angle of 38.5° above the hori-
zontal. Ignore air resistance. (a) At what rwo times is the base-
ball at a height of 10.7 m above the point at which it left the bat?
(b) Calculate the horizontal and vertical components of the baseball’s ve-
locity at each of the two times calculated in part (a). (¢) What are the
magnitude and direction of the baseball’s velocity when it returns to the
level at which it left the bat?
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3.18 e A shot putter releases the shot some distance above the level
ground with a velocity of 12.0 m/s, 51.0° above the horizontal. The
shot hits the ground 2.08 s later. Ignore air resistance. (a) What are
the components of the shot’s acceleration while in flight? (b) What
are the components of the shot’s velocity at the beginning and at the
end of its trajectory? (c) How far did she throw the shot horizon-
tally? (d) Why does the expression for R in Example 3.8 not give
the correct answer for part (c¢)? (e) How high was the shot above the
ground when she released it? (f) Draw x-t, y-t, v,-, and v,-¢ graphs
for the motion. /

3.19 ee Win the Prize. At a funfair stall, you can win a plush giraffe
toy if you toss a coin into a small dish. The dish is on a shelf above the
point where the coin leaves your hand and is a horizontal distance of 2.1
m from this point (Fig. E3.19). If you toss the coin with a velocity of
6.4 m/s at an angle of 60° above the horizontal, the coin will land in the
dish. Ignore air resistance. (a) What is the height of the shelf above the
point where the coin leaves your hand? (b) What is the vertical compo-
nent of the velocity of the coin just before it lands in the dish?

Figure E3.19

3.20 e Firefighters use a high-pressure hose to shoot a stream of water
at a burning building. The water has a speed of 25.0 m/s as it leaves
the end of the hose and then exhibits projectile motion. The firefighters
adjust the angle of elevation « of the hose until the water takes 3.00 s
to reach a building 45.0 m away. Ignore air resistance; assume that the
end of the hose is at ground level. (a) Find «. (b) Find the speed and ac-
celeration of the water at the highest point in its trajectory. (c) How high
above the ground does the water strike the building, and how fast is it
moving just before it hits the building?

3.21 ee A man stands on the roof of a 15.0-m-tall building and throws
a rock with a speed of 30.0 m/s at an angle of 33.0° above the horizon-
tal. Ignore air resistance. Calculate (a) the maximum height above the
roof that the rock reaches; (b) the speed of the rock just before it strikes
the ground; and (c) the horizontal range from the base of the building to
the point where the rock strikes the ground. (d) Draw x-z, y-t, v,-f, and
v,~t graphs for the motion.

3.22 e Att = 0 arock is projected from ground level with a speed
of 15.0 m/s and at an angle of 53.0° above the horizontal. Neglect air
resistance. At what two times ¢ is the rock 5.00 m above the ground? At
each of these two times, what are the horizontal and vertical compo-
nents of the velocity of the rock? Let v, and vy, be in the positive x- and
y-directions, respectively.

3.23 e Estimate the maximum horizontal distance that you can throw
a basketball. (a) Based on your estimate, what is the speed of the bas-
ketball as it leaves your hand? (b) If you could throw the basketball

straight up at the same speed as in part (a), how high would it go? (c)
The value of g on Mars is 3.7 m/s?>. What horizontal distance can you
throw a basketball on Mars if you throw it with the same initial speed
as in part (a)?

Section 3.4 Motion in a Circle

3.24 e Merry-go-rounds are a common ride in park playgrounds. The
ride is a horizontal disk that rotates about a vertical axis at their center.
A typical size is a diameter of 3.6 m. A rider sits at the outer edge of the
disk and holds onto a metal bar while someone pushes on the ride to
make it rotate. Estimate a typical time for one rotation. (a) For your esti-
mated time, what is the speed of the rider, in m/s? (b) What is the rider’s
radial acceleration, in m/ $27 (c) What is the rider’s radial acceleration if
the time for one rotation is halved?

3.25 e The earth has a radius of 6380 km and turns around once on its
axis in 24 h. (a) What is the radial acceleration of an object at the earth’s
equator? Give your answer in m/s> and as a fraction of g. (b) If a,q at
the equator is greater than g, objects will fly off the earth’s surface and
into space. (We’ll see the reason for this in Chapter 5.) What would the
period of the earth’s rotation have to be for this to occur?

3.26 eo BIO Dizziness. Our balance is maintained, at least in part,
by the endolymph fluid in the inner ear. Spinning displaces this fluid,
causing dizziness. Suppose that a skater is spinning very fast at 2.8 revo-
lutions 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 m/s” and in g’s) of the endolymph fluid?

3.27 o A small ball is attached to the lower end of a 0.800-m-long
string, and the other end of the string is tied to a horizontal rod. The
string makes a constant angle of 37.0° with the vertical as the ball moves
at a constant speed in a horizontal circle. If it takes the ball 0.600 s to
complete one revolution, what is the magnitude of the radial accelera-
tion of the ball?

3.28 ee A model of a helicopter rotor has four blades, each 3.00 m long
from the central shaft to the blade tip. The model is rotated in a wind
tunnel at 470 rev/min. (a) What is the linear speed of the blade tip, in
m/s? (b) What is the radial acceleration of the blade tip expressed as a
multiple of g?

3.29 e BIO Pilot Blackout in a Power Dive. A jet plane comes in for
a downward dive as shown in Fig. E3.29. The bottom part of the path is
a quarter circle with a radius of curvature of 280 m. According to medi-
cal tests, pilots will lose consciousness when they pull out of a dive at
an upward acceleration greater than 5.5g. At what minimum speed (in
m/s and in km/h) will the pilot black out during this dive?

3.30 ¢ An object moves in a horizontal circle at constant speed
v (in units of m/s). It takes the object T seconds to complete one
revolution. Derive an expression that gives the radial acceleration of
the ball in terms of v and 7, but not r. (a) If the speed doubles, by
what factor must the period T change if a,,q is to remain unchanged?
(b) If the radius doubles, by what factor must the period change to
keep a,,q the same?

Figure E3.29



3.31 © A Ferris wheel with radius Figure E3.31

14.0 m is turning about a horizontal axis
through its center (Fig. E3.31). The linear
speed of a passenger on the rim is con-
stant and equal to 7.13 m/s. What are the N>
magnitude and direction of the passen-

ger’s acceleration as she passes through

() the lowest point in her circular motion

and (b) the highest point in her circular

motion? (c) How much time does it take 2
the Ferris wheel to make one revolution?

3.32 e A roller coaster car moves in a

vertical circle of radius R. At the top of

the circle the car has speed vy, and at the bottom of the circle it has speed
U, where vy > vy. (a) When the car is at the top of its circular path, what
is the direction of its radial acceleration, @y,q, (op? (b) When the car is at the
bottom of its circular path, what is the direction of its radial acceleration,
Grad, bottom? (¢) In terms of vy and vy, what is the ratio drq, bottom/drad. top?
3.33 e BIO Hypergravity. TsF-18 at the Yuri Gagarin Cosmonaut
Training Centre, Star City, Russia, is the world’s largest centrifuge. It is
used to test the effects of very large accelerations (“hypergravity”) on test
pilots, cosmonauts, and astronauts. In this device, an arm 18.00 m long ro-
tates about one end in a horizontal plane, and an astronaut is strapped in a
seat at the other end, with their back parallel to the floor, is aligned along
the centrifuge’s arm. The device can reach up to 30g, but a typical accel-
eration to which humans are subjected in it is between 4g and 9g. (a) How
fast must the astronaut’s head be moving to experience a 9g acceleration
(suppose that it is at the outermost end of the centrifuge’s arm)? (b) What is
the difference between the acceleration of their head and feet (suppose that
the horizontal distance between the top of the head and the feet is 1.40 m;
remember that the astronaut is seated during the process!)? (c) How fast in
rpm (rev/min) is the arm turning to produce a 9g acceleration?

3.34 e The radius of the earth’s orbit around the sun (assumed to be
circular) is 1.50 X 108 km, and the earth travels around this orbit in
365 days. (a) What is the magnitude of the orbital velocity of the earth, in
m/s? (b) What is the magnitude of the radial acceleration of the earth toward
the sun, in m/! $27 (c) Repeat parts (a) and (b) for the motion of the planet
Mercury (orbit radius = 5.79 X 107 km, orbital period = 88.0 days).

Section 3.5 Relative Velocity

3.35 e A travelator in an airport terminal moves at 1.4 m/s and is 32.0
m long. If a woman steps on at one end and walks at 1.7 m/s relative to
the travelator how much time does it take her to reach the opposite end
if she walks (a) in the same direction the travelator is moving? (b) In the
opposite direction?

3.36 e A flat wagon is traveling to the right at a speed of 13.0 m/s rel-
ative to an observer standing on the ground. Someone is riding a motor
scooter on the flat wagon (Fig. E3.36). What is the velocity (magnitude
and direction) of the scooter relative to the wagon if the scooter’s veloc-
ity relative to the observer on the ground is (a) 18.0 m/s to the right? (b)
3.0 m/s to the left? (c) zero?

3.37 ee A canoe has a velocity of 0.41 m/s southeast relative to the earth.
The canoe is on a river that is flowing 0.60 m/s east relative to the earth.
Find the velocity (magnitude and direction) of the canoe relative to the river.

Figure E3.36
v =13.0m/s
—
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3.38 e Two piers, A and B, are located on a river; B is 1500 m down-
stream from A (Fig. E3.38). Two friends must make round trips from
pier A to pier B and return. One rows a boat at a constant speed of
4.00 km/h relative to the water; the other walks on the shore at a con-
stant speed of 4.00 km/h. The velocity of the river is 2.80 km/h in the
direction from A to B. How much time does it take each person to make
the round trip?

Figure E3.38
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3.39 ee BIO Bird Migration. Canada geese migrate essentially
along a north—south direction for well over a thousand kilometers in
some cases, traveling at speeds up to about 100 km/h. If one goose is
flying at 100 km/h relative to the air but a 50 km/h wind is blowing
from west to east, (a) at what angle relative to the north—south direc-
tion 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 550 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.)

3.40 ee The nose of an ultralight plane is pointed due south, and
its airspeed indicator shows 35 m/s. The plane is in a 10 m/s wind
blowing toward the southwest relative to the earth. (a) In a vector-
addition diagram, show the relationship of Up/g (the velocity of the
plane relative to the earth) to the two given vectors. (b) Let x be east
and y be north, and find the components of 3P/E. (c) Find the magni-
tude and direction of Up/g.

3.41 e Crossing the River I. A river flows due south with a speed
of 2.0 m/s. You steer a motorboat across the river; your velocity rela-
tive to the water is 4.2 m/s due east. The river is 500 m wide. (a) What
is your velocity (magnitude and direction) relative to the earth? (b)
How much time is required to cross the river? (c) How far south of
your starting point will you reach the opposite bank?

3.42 e Crossing the River II. (a) In which direction should the mo-
torboat in Exercise 3.41 head to reach a point on the opposite bank di-
rectly east from your starting point? (The boat’s speed relative to the
water remains 4.2 m/s.) (b) What is the velocity of the boat relative to
the earth? (¢) How much time is required to cross the river?

3.43 ee Anairplane pilot wishes to fly due west. A wind of 80.0 km/h
is blowing toward the south. (a) If the airspeed of the plane (its speed
in still air) is 320.0 km/h, in which direction should the pilot head? (b)
What is the speed of the plane over the ground? Draw a vector diagram.

PROBLEMS

3.44 ee CP CALC Adoginanopenfieldisatrestunderatreeattimet = 0
and then runs with accelerationa () = (0.400 m/s?)7 — (0.180 m/s®)7].
How far is the dog from the tree 8.00 s after it starts to run?

3.45 ee CALC If 7 = br’1 + cr’], where b and ¢ are positive con-
stants, when does the velocity vector make an angle of 45.0° with the
x- and y-axes?
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3.46 eee CALC A faulty model rocket moves in the xy-plane (the
positive y-direction is vertically upward). The rocket’s acceleration has
components a,(t) = ar® and ay(t) = B — yt, where a = 2.50 m/s*,
B =9.00m/s%, and y = 1.40m/s>. At 1 = 0 the rocket is at the
origin and has velocity Gy = vg,Z + v, with vy, = 1.00 m/s and
voy = 7.00 m/s. (a) Calculate the velocity and position vectors as func-
tions of time. (b) What is the maximum height reached by the rocket?
(c) What is the horizontal displacement of the rocket when it returns
toy = 0?

3.47 eee CP A test rocket starting from rest at point A is launched by
accelerating it along a 200.0-m incline at 1.48 m/s2 (Fig. P3.47). The
incline rises at 35.0° above the horizontal, and at the instant the rocket
leaves it, the engines turn off and the rocket is subject to gravity only
(ignore air resistance). Find (a) the maximum height above the ground
that the rocket reaches, and (b) the rocket’s greatest horizontal range
beyond point A.

Figure P3.47

3.48 ee CALC The position of a dragonfly that is fly-
ing parallel to the ground is given as a function of time by 7 =
[2.90 m + (0.0900 m/s*)*]7 — (0.0150 m/s*)#%]. (a) At what value
of ¢ does the velocity vector of the dragonfly make an angle of 32.0°
clockwise from the +x-axis? (b) At the time calculated in part (a), what
are the magnitude and direction of the dragonfly’s acceleration vector?
3.49 ee In fighting forest fires, airplanes work in support of ground
crews by dropping water on the fires. For practice, a pilot drops a canister
of red dye, hoping to hit a target on the ground below. If the plane is flying
in a horizontal path 90.0 m above the ground and has a speed of 62.0 m/s
at what horizontal distance from the target should the pilot release the can-
ister? Ignore air resistance.

3.50 ee CALC A bird flies in the xy-plane with a velocity vector
given by ¥ = (o — Bt%)7 + yt], with & = 2.4 m/s, B = 1.6 m/s’, and
v = 4.0 m/s%. The positive y-direction 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 x = 0 for the first time after t = 0?

3.51 eee A movie stuntwoman drops from a helicopter that is 30.0 m
above the ground and moving with a constant velocity whose components
are 10.0 m/s upward and 15.0 m/s horizontal and toward the south. Ignore
air resistance. (a) Where on the ground (relative to the position of the heli-
copter when she drops) should the stuntwoman have placed foam mats to
break her fall? (b) Draw x-t, y-t, v,-t, and v,~t graphs of her motion.

3.52 ee A cannon, located 60.0 m from the base of a vertical 25.0-m-
tall cliff, shoots a 15 kg shell at 43.0° above the horizontal toward the
cliff. (a) What must the minimum muzzle velocity be for the shell to
clear the top of the cliff? (b) The ground at the top of the cliff is level,
with a constant elevation of 25.0 m above the cannon. Under the condi-
tions of part (a), how far does the shell land past the edge of the clift?
3.53 ¢ CP CALC A toy rocket is launched with an initial veloc-
ity of 15.0 m/s in the horizontal direction from the roof of a 39.0-m-
tall building. The rocket’s engine produces a horizontal acceleration of
(1.60 m/ s3)t, in the same direction as the initial velocity, but in the verti-
cal direction the acceleration is g, downward. Ignore air resistance. What
horizontal distance does the rocket travel before reaching the ground?

3.54 eee An important piece of landing equipment must be thrown to
a ship, which is moving at 45.0 cm/s, before the ship can dock. This
equipment is thrown at 15.0 m/s at 60.0° above the horizontal from the
top of a tower at the edge of the water, 8.75 m above the ship’s deck
(Fig. P3.54). For this equipment to land at the front of the ship, at what
distance D from the dock should the ship be when the equipment is
thrown? Ignore air resistance.

Figure P3.54 15.0 m/s

e 145.0 cm/s

3.55 ee A cricket ball thrown at an angle of 60.0° above the horizontal
strikes a building 18.0 m away at a point 8.00 m above the point from which
it is thrown. Ignore air resistance. (a) Find the magnitude of the ball’s initial
velocity (the velocity with which the ball is thrown). (b) Find the magnitude
and direction of the velocity of the ball just before it strikes the building.
3.56 ¢ An Errand of Mercy. An airplane is dropping bales of hay
to cattle stranded in a blizzard on the Great Plains. The pilot releases
the bales at 180 m above the level ground when the plane is flying at
80 m/s in a direction 60° above the horizontal. How far in front of the
cattle should the pilot release the hay so that the bales land at the point
where the cattle are stranded?

3.57 ee A grasshopper leaps into the air from the edge of a vertical
cliff, as shown in Fig. P3.57. Find (a) the initial speed of the grasshop-
per and (b) the height of the cliff.

Figure P3.57

[
: 1.06 m |

3.58 eee A water hose is used to fill a large cylindrical storage tank of
diameter D and height 2D. The hose shoots the water at 45° above the hori-
zontal from the same level as the base of the tank and is a distance 6D away
(Fig. P3.58). For what range of launch speeds (uvg) will the water enter the
tank? Ignore air resistance, and express your answer in terms of D and g.

2D

Figure P3.58
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3.59 ee An object is projected with initial speed v, from the edge of
the roof of a building that has height H. The initial velocity of the object
makes an angle o with the horizontal. Neglect air resistance. (a) If «
is 90°, so that the object is thrown straight up (but misses the roof on the
way down), what is the speed v of the object just before it strikes the
ground? (b) If &g = —90° so that the object is thrown straight down,
what is its speed just before it strikes the ground? (c) Derive an expres-
sion for the speed v of the object just before it strikes the ground for
general «. (d) The final speed v equals v; when « equals ay. If « is
increased, does v increase, decrease, or stay the same?

3.60 ee Kicking an Extra Point. In Canadian football, after a touch-
down the team has the opportunity to earn one more point by kicking the
ball over the bar between the goal posts. Football regulations are stated in
British units (see Appendix C): the bar is 10 feet (3.05 m) above the ground,
and the ball is kicked from ground level, 32 yards (29.26 m) horizontally
from the bar (Fig. P3.60). (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 speed be if it
is just to clear the bar? Express your answer in m/s and in km/h.

Figure P3.60 H
__T___
3.05 m
A |

| 29.26 m |

3.61 eee Look Out! A snowball rolls off a barn roof that slopes down-
ward at an angle of 40° (Fig. P3.61). The edge of the roof is 14.0 m
above the ground, and the snowball has a speed of 7.00 m/s as it rolls
off the roof. Ignore air resistance. (a) How far from the edge of the barn
does the snowball strike the ground if it doesn’t strike anything else
while falling? (b) Draw x-t, y-t, v,-, and vyt graphs for the motion in
part (a). (c) A man 1.9 m tall is standing 4.0 m from the edge of the
barn. Will the snowball hit him?

w = 7.00 m/s
400/

14.0 m

Figure P3.61
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3.62 ¢ A 2.7 kg ball is thrown upward with an initial speed of
20.0 m/s from the edge of a 45.0-m-high cliff. At the instant the ball is
thrown, a woman starts running away from the base of the cliff with a
constant speed of 6.00 m/s. The woman runs in a straight line on level
ground. Ignore air resistance on the ball. (a) At what angle above the
horizontal should the ball be thrown so that the runner will catch it just
before it hits the ground, and how far does she run before she catches
the ball? (b) Carefully sketch the ball’s trajectory as viewed by (i) a
person at rest on the ground and (ii) the runner.
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3.63 ee Leaping the River II. A physics professor did daredevil
stunts in his spare time. His last stunt was an attempt to jump across
a river on a motorcycle (Fig. P3.63). The takeoff ramp was inclined at
53.0°, 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 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 (a), where did he land?

Figure P3.63

3.64 ee Tossing Your Lunch. Henrietta is jogging along the pave-
ment at 3.0 m/s on the way to her physics class. Bruce realizes that she
forgot her bag of bagels, so he runs to the window, which is 43.8 m
above the street level and directly above the pavement, to throw the bag
to her. He throws it horizontally 9.00 s after she has passed below the
window, and she catches it on the run. Ignore air resistance. (a) With
what initial speed must Bruce throw the bagels so that Henrietta can
catch the bag just before it hits the ground? (b) Where is Henrietta when
she catches the bagels?

3.65 ¢ A 76.0 kg rock is rolling horizontally at the top of a vertical
cliff that is 20 m above the surface of a lake (Fig. P3.65). The top of the
vertical face of a dam is located 100 m from the foot of the cliff, with
the top of the dam level with the surface of the water in the lake. A level
plain is 25 m below the top of the dam. (a) What must be the minimum
speed of the rock just as it leaves the cliff so that it will reach the plain
without striking the dam? (b) How far from the foot of the dam does the
rock hit the plain?

Figure P3.65
.l»
_2;)1;? CIliff 100 m
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3.66 ee A firefighting crew uses a water cannon that shoots water at
25.0 m/s at a fixed angle of 53.0° above the horizontal. The firefighters
want to direct the water at a blaze that is 10.0 m above ground level.
How far from the building should they position their cannon? There
are two possibilities; can you get them both? (Hint: Start with a sketch
showing the trajectory of the water.)
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3.67 ee On a level football pitch a football is projected from ground
level. It has speed 8.0 m/s when it is at its maximum height. It travels
a horizontal distance of 50.0 m. Neglect air resistance. How long is the
ball in the air?

3.68 eee You are standing on a loading dock at the top of a flat ramp
that is at a constant angle «( below the horizontal. You slide a small box
horizontally off the loading dock with speed vy in a direction so that it
lands on the ramp. How far vertically downward does the box travel
before it strikes the ramp?

3.69 eee [n the middle of the night you are standing a horizontal dis-
tance of 14.0 m from the high fence that surrounds the estate of your
rich uncle. The top of the fence is 5.00 m above the ground. You have
taped an important message to a rock that you want to 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 height of 1.60 m above the
ground and at an angle of 56.0° above the horizontal. (a) What mini-
mum initial speed must the rock have as it leaves your hand to clear the
top of the fence? (b) For the initial velocity calculated in part (a), what
horizontal distance beyond the fence will the rock land on the ground?
3.70 eee A small object is projected from level ground with an initial
velocity of magnitude 16.0 m/s and directed at an angle of 60.0° above
the horizontal. (a) What is the horizontal displacement of the object
when it is at its maximum height? How does your result compare to the
horizontal range R of the object? (b) What is the vertical displacement
of the object when its horizontal displacement is 80.0% of its horizontal
range R? How does your result compare to the maximum height /.
reached by the object? (c¢) For when the object has horizontal displace-
ment x — xo = aR, where « is a positive constant, derive an expression
(in terms of @) for (y — y0)/hmax. Your result should not depend on the
initial velocity or the angle of projection. Show that your expression
gives the correct result when o = 0.80, as is the case in part (b). Also
show that your expression gives the correct result for « = 0, @ = 0.50,
anda = 1.0.

3.71 ee An airplane pilot sets a compass course due west and main-
tains an airspeed of 214 km/h. After flying for 0.470 h, she finds herself
over a town 123 km west and 12 km south of her starting point. (a) Find
the wind velocity (magnitude and direction). (b) If the wind velocity is
40 km/h due south, in what direction should the pilot set her course to
travel due west? Use the same airspeed of 214 km/h.

3.72 e Raindrops. When a train’s velocity is 12.0 m/s eastward,
raindrops that are falling vertically with respect to the earth make
traces that are inclined 30.0° to the vertical on the windows of the train.
(a) What is the horizontal component of a drop’s velocity with respect
to the earth? With respect to the train? (b) What is the magnitude of
the velocity of the raindrop with respect to the earth? With respect to
the train?

3.73 eee In a World Cup football match, Juan is running due north
toward the goal with a speed of 7.30 m/s relative to the ground. A team-
mate passes the ball to him. The ball has a speed of 13.3 m/s and is
moving in a direction 30.6° east of north, relative to the ground. What
are the magnitude and direction of the ball’s velocity relative to Juan?
3.74 ee A shortstop is running due east as he throws a baseball to the
catcher, who is standing at home plate. The velocity of the baseball rela-
tive to the shortstop is 6.00 m/s in the direction due south, and the speed
of the baseball relative to the catcher is 9.00 m/s. What is the speed of
the shortstop relative to the ground when he throws the ball?

3.75 ee Two football players, Mia and Alice, are running as Alice
passes the ball to Mia. Mia is running due north with a speed of
6.30 m/s. The velocity of the ball relative to Mia is 6.80 m/s in a direc-
tion 30.0° east of south. What are the magnitude and direction of the
velocity of the ball relative to the ground?

3.76 ee DATA A spring-gun projects a small rock from the ground with
speed vy at an angle 6 above the ground. You have been asked to deter-
mine vy. From the way the spring-gun is constructed, you know that to
a good approximation v is independent of the launch angle. You go to a
level, open field, select a launch angle, and measure the horizontal distance
the rock travels. You use g = 9.80 m/s” and ignore the small height of the
end of the spring-gun’s barrel above the ground. Since your measurement
includes some uncertainty in values measured for the launch angle and for
the horizontal range, you repeat the measurement for several launch angles
and obtain the results given in Fig. 3.76. You ignore air resistance because
there is no wind and the rock is small and heavy. (a) Select a way to rep-
resent the data well as a straight line. (b) Use the slope of the best straight-
line fit to your data from part (a) to calculate vy. (c) When the launch angle
is 36.9°, what maximum height above the ground does the rock reach?

Figure P3.76 Distance (m)
12.00
[ °
10.00 * °
° °
[ ] [ ]
8.00
® [
6.00 Launch

150 35.0 55.0 75.0 angle (°)

3.77 ee DATA You have constructed a hair- Launch Horizontal

spray-powered potato gun and want to find the  heighth  range R
muzzle speed v of the potatoes, the speed they  2.00 m 10.4 m
have as they leave the end of the gun barrel. ¢ g 17.1m
You use the same amount of hair spray each
. 9.00 m 213 m
time you fire the gun, and you have confirmed
12.00 m 25.8 m

by repeated firings at the same height that the
muzzle speed is approximately the same for
each firing. You climb on a microwave relay tower (with permission, of
course) to launch the potatoes horizontally from different heights above
the ground. Your friend measures the height of the gun barrel above the
ground and the range R of each potato. You obtain the data in the table.
Each of the values of /# and R has some measurement error: The muz-
zle speed is not precisely the same each time, and the barrel isn’t precisely
horizontal. So you use all of the measurements to get the best estimate of
vyp. No wind is blowing, so you decide to ignore air resistance. You use
g = 9.80 m/s? in your analysis. (a) Select a way to represent the data
well as a straight line. (b) Use the slope of the best-fit line from part (a) to
calculate the average value of v,. (c) What would be the horizontal range
of a potato that is fired from ground level at an angle of 30.0° above the
horizontal? Use the value of vy that you calculated in part (b).
3.78 eee DATA You are a member of a geological team in Central
Africa. Your team comes upon a wide river that is flowing east. You
must determine the width of the river and the current speed (the speed
of the water relative to the earth). You have a small boat with an out-
board motor. By measuring the time it takes to cross a pond where the
water isn’t flowing, you have calibrated the throttle settings to the speed
of the boat in still water. You set the throttle so that the speed of the boat
relative to the river is a constant 6.00 m/s. Traveling due north across
the river, you reach the opposite bank in 20.1 s. For the return trip, you
change the throttle setting so that the speed of the boat relative to the
water is 9.00 m/s. You travel due south from one bank to the other and
cross the river in 11.2 s. (a) How wide is the river, and what is the cur-
rent speed? (b) With the throttle set so that the speed of the boat relative
to the water is 6.00 m/s, what is the shortest time in which you could
cross the river, and where on the far bank would you land?



CHALLENGE PROBLEMS

3.79 eee CALC A projectile thrown from a point P moves in such a way
that its distance from P is always increasing. Find the maximum angle
above the horizontal with which the projectile could have been thrown.
Ignore air resistance.

3.80 eee Two students are canoeing on a river. While heading upstream,
they accidentally drop an empty bottle overboard. They then continue
paddling for 60 minutes, reaching a point 2.0 km farther upstream. At
this point they realize that the bottle is missing and, driven by ecological
awareness, they turn around and head downstream. They catch up with and
retrieve the bottle (which has been moving along with the current) 5.0 km
downstream from the turnaround point. (a) Assuming a constant paddling
effort throughout, how fast is the river flowing? (b) What would the canoe
speed in a still lake be for the same paddling effort?

3.81 eee CP A rocket designed to place small payloads into orbit is car-
ried to an altitude of 12.0 km above sea level by a converted airliner. When
the airliner is flying in a straight line at a constant speed of 850 km/h, the
rocket is dropped. After the drop, the airliner maintains the same altitude
and speed and continues to fly in a straight line. The rocket falls for a brief
time, after which its rocket motor turns on. Once that motor is on, the com-
bined effects of thrust and gravity give the rocket a constant acceleration
of magnitude 3.00g directed at an angle of 30.0° above the horizontal. For
safety, the rocket should be at least 1.00 km in front of the airliner when
it climbs through the airliner’s altitude. Your job is to determine the mini-
mum time that the rocket must fall before its engine starts. Ignore air resis-
tance. Your answer should include (i) a diagram showing the flight paths
of both the rocket and the airliner, labeled at several points with vectors for
their velocities and accelerations; (ii) an x-¢ graph showing the motions of
both the rocket and the airliner; and (iii) a y-# graph showing the motions
of both the rocket and the airliner. In the diagram and the graphs, indicate
when the rocket is dropped, when the rocket motor turns on, and when the
rocket climbs through the altitude of the airliner.
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MCAT-STYLE PASSAGE PROBLEMS

B1O Ballistic Seed Dispersal. Some plants disperse their seeds when
the fruit splits and contracts, propelling the seeds through the air. The
trajectory of these seeds can be determined with a high-speed camera.
In an experiment on one type of plant, seeds are projected at 20 cm
above ground level with initial speeds between 2.3 m/s and 4.6 m/s.
The launch angle is measured from the horizontal, with +90° corre-
sponding to an initial velocity straight up and —90° straight down.

3.82 The experiment is designed so that the seeds move no more
than 0.20 mm between photographic frames. What minimum frame
rate for the high-speed camera is needed to achieve this? (a) 250
frames/s; (b) 2500 frames/s; (c) 25,000 frames/s; (d) 250,000
frames/s.

3.83 About how long does it take a seed launched at 90° at the high-
est possible initial speed to reach its maximum height? Ignore air resis-
tance. (a) 0.23 s; (b) 0.47 s; (¢) 1.0 s; (d) 2.3 s.

3.84 If a seed is launched at an angle of 0° with the maximum ini-
tial speed, how far from the plant will it land? Ignore air resistance,
and assume that the ground is flat. (a) 20 cm; (b) 93 cm; (c) 2.2 m;
(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 found to be
—51° to 75°, with a mean of 31°. Approximately 65% of the seeds are
launched between 6° and 56°. (See W. J. Garrison et al., “Ballistic
seed projection in two herbaceous species,” Amer. J. Bot., Sept. 2000,
87:9, 1257-64.) Which of these hypotheses is best supported by the
data? Seeds are preferentially launched (a) at angles that maximize
the height they travel above the plant; (b) at angles below the hori-
zontal in order to drive the seeds into the ground with more force;
(c) at angles that maximize the horizontal distance the seeds travel
from the plant; (d) at angles that minimize the time the seeds spend
exposed to the air.

Chapter Opening Question 7
[}

(iii) A cyclist going around a curve at constant speed has an accelera-
tion directed toward the inside of the curve (see Section 3.2, especially
Fig. 3.12a).

Key Example \/ARIATION Problems

VP3.9.1 (a) 1.53s, 11.5m (b) 3.06 s, 61.2 m

VP3.9.2 (a) 20.6 m/s (b) 5.40 m

VP3.9.3 (a)3.51 s (b)33.8 m (c) v, = 9.64 m/s, v, = —22.9 m/s
VP3.9.4 (a)t = 2uy/g, x = 2vYg, y = —2v7g (b) t = vy/s,

X = oYy = —vg/28

VP3.12.1 20.0 m

VP3.12.2 (a) 41.6 s (b) 6.04 m/s>

VP3.12.3 (a) P: 0.938 m/s, O: 1.88 m/s (b) P: 8.79 m/s?, O: 17.6 m/s’
(c) increase, increase

VP3.12.4 (a) Venus: 3.49 x 10* m/s, Earth: 2.99 X 104 m/s, Mars:
2.41 X 10* m/s (b) Venus: 1.13 X 1072 m/s?, Earth: 5.95 X 107> m/s%,
Mars: 2.55 X 10> m/s* (c) decrease, decrease

VP3.12.5 (a) T;/Tg = 4 (b) Arad, A/arad,B =1/8

VP3.15.1 (a) +53.0 m/s (b) —53.0 m/s

VP3.15.2 (a) 90.0 m/s eastward (b) 90.0 m/s westward (c) neither
VP3.15.3 (a) 25.6 m/s, 51.3° north of east (b) 25.6 m/s, 51.3° south
of west

VP3.15.4 130 m/s, 12.6° west of north

Bridging Problem
ZLozcos(B + ¢)sing

@R =
8 cos?6

o9
(b) ¢ =45 —



Under what circumstances does the
barbell push on the weightlifter just as

hard as she pushes on the barbell? (i) When
she holds the barbell stationary; (ii) when she
raises the barbell; (iii) when she 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 OUTCOMES

In this chapter, you'll learn...

4.1

4.2

4.3

4.4

4.5

4.6

What the concept of force means in
physics, why forces are vectors, and

the significance of the net force on an
object.

What happens when the net external
force on an object is zero, and the sig-
nificance of inertial frames of reference.
How the acceleration of an object is de-
termined by the net external force on the
object and the object’s mass.

The difference between the mass of an
object and its weight.

How the forces that two objects exert on
each other are related.

How to use a free-body diagram to help
analyze the forces on an object.

You'll need to review...

1.7
1.8
2.4

2.5
3.2
3.4
3.5

Vectors and vector addition.
Vector components.

Straight-line motion with constant
acceleration.

The motion of freely falling objects.
Acceleration as a vector.

Uniform circular motion.

Relative velocity.
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e’ve seen in the last two chapters how to use kinematics to describe motion in

one, two, or three dimensions. But what causes objects to move the way that they

do? For example, why does a dropped feather fall more slowly than a dropped
bowling ball? Why do you feel pushed backward in a car that accelerates forward? The
answers to such questions take us into the subject of dynamics, the relationship of motion
to the forces that cause it.

The principles of dynamics were clearly stated for the first time by Sir Isaac Newton
(1642-1727); today we call them Newton’s laws of motion. Newton did not derive the
laws of motion, but rather deduced them from a multitude of experiments performed by
other scientists, especially Galileo Galilei (who died the year Newton was born). Newton’s
laws are the foundation of classical mechanics (also called Newtonian mechanics); using
them, we can 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 small
sizes (such as within the atom).

Newton’s laws are very simple to state, yet many students find these laws difficult to
grasp and to work with. The reason is that before studying physics, you've spent years
walking, throwing balls, pushing boxes, and doing dozens of things that involve motion.
Along the way, you've developed a set of “common sense” ideas about motion and its
causes. But many of these “common sense” 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 rec-
ognize how “common sense” ideas can sometimes lead you astray, and how to adjust your
understanding of the physical world to make it consistent with what experiments tell us.

PEJ FORCE AND INTERACTIONS

A force is a push or a pull. More precisely, a force is an interaction between two objects
or between an object and its environment (Fig. 4.1). That’s why we always refer to the
force that one object exerts on a second object. When you push on a car that is stuck in
the snow, you exert a force on the car; a steel cable exerts a force on the beam it is hoist-
ing at a construction site; and so on. As Fig. 4.1 shows, force is a vector quantity; you can
push or pull an object in different directions.



When a force involves direct contact between two objects, such as a push or pull that
you exert on an object with your hand, we call it a contact force. Figures 4.2a, 4.2b,
and 4.2¢ 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 in contact. The adjective “normal”
means that the force always acts perpendicular to the surface of contact, no matter what
the angle of that surface. By contrast, the friction force (Fig. 4.2b) exerted on an object
by a surface acts parallel to the surface, in the direction that opposes sliding. The pull-
ing force exerted by a stretched rope or cord on an object to which it’s attached is called
a tension force (Fig. 4.2c). When you tug on your dog’s leash, the force that pulls on her
collar is a tension force.

In addition to contact forces, there are long-range forces that act even when the objects
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 body is called your weight.

To describe a force vector F, we need to describe the direction in which it acts as
well as its magnitude, the quantity that describes “how much” or “how hard” the force
pushes or pulls. The SI 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 4.1 lists some typical force
magnitudes.

A common instrument for measuring force magnitudes is the spring balance. It con-
sists of a coil spring enclosed in a case with a pointer attached to one end. 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 objects 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 instru-
ment to measure the magnitude of an unknown force. We can also make a similar instru-
ment that measures pushes instead of pulls.

Figure 4.3 (next page) 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 hold a ball in your hand to throw it, at least two forces act on it: the push of
your hand and the downward pull of gravity. Experiment shows that when two forces F;
and f’z act at the same time at the same point on an object (Fig. 4.4, next page), the effect
on the object’s motion is the same as if a smgle force R were acting equal to the vector
sum, or resultant, of the original forces: R= Fl + F2 More generally, any number of

TABLE 4.1 Typical Force Magnitudes

Sun’s gravitational force on the earth 3.5 X 102N
Weight of a large blue whale 1.9 X 10°N
Maximum pulling force of a locomotive 8.9 X 10°N
Average weight of a sumo wrestler 145 X 103N
Weight of a medium apple IN

Weight of the smallest insect eggs 2 X 10°N
Electric attraction between the proton and the electron in a hydrogen atom 82 X 108N
Weight of a very small bacterium 1 X 1078N
Weight of a hydrogen atom 1.6 X 107N
Weight of an electron 8.9 X 100N
Gravitational attraction between the proton and the electron in a hydrogen atom 3.6 X 10N

4.1 Force and Interactions 129

Figure 4.1 Some properties of forces.

* A force is a push or a pull.

* A force is an interaction between two objects
or between an object and its environment.

* A force is a vector quantity, with magnitude
and direction.

ﬂ F (force)
“ —

—

F
Push —
Pull

Figure 4.2 Four common types of forces.

(a) Normal force 7: When an object rests or
pushes on a surface, the surface exerts a push on
it that is directed perpendicular to the surface.

(b) Friction forcef: In addition to the normal
force, a surface may exert a friction force on an
object, directed parallel to the surface.

ﬁ
2 |
St

(c) Tension force T: A pulling force exerted on
an object by a rope, cord, etc.

N

(d) Weight w: The pull of gravity on an object
is a long-range force (a force that acts over
a distance).

—af—
=
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Figure 4.4 Superposition of forces.

Two forces F| and F, acting on an object at
point O have the same effect as a single force
R equal to their vector sum.

S

F, ﬁ‘z 4

Figure 4.5 F, and F, are the components
of F parallel and perpendicular to the
sloping surface of the inclined plane.

We cross out a

vector when we
replace it by its
components.

[ N
[
| V4

The x- and y»uxc; can have any orientation,
just so they’re mutually perpendicular.

Figure 4.6 Finding the components of
the vector sum (resultant) R of two forces
F 1 and FQ.

The y-component of R
equals the sum of the y-
Lomponcnts of 1' and 1'

The same is true for
the x-components.

Figure 4.3 Using a vector arrow to denote the force that we exert when (a) pulling a block with a
string or (b) pushing a block with a stick.

(a) A 10 N pull directed 30° above
the horizontal

(b) A 10 N push directed 45° below
the horizontal

forces applied at a point on an object have the same effect as a single force equal to the
vector sum of the forces. This important principle is called superposition of forces.

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 it’s easiest to add vectors by using components. That’s
why we often describe a force F in terms of its x- and y-components F, and F,. Note that
the x- and y-coordinate axes do not have to be horizontal and vertical, respectlvely As an
example, Fig. 4.5 shows a crate being pulled up a ramp by a force F. In this situation it’s
most convenient to choose one axis to be parallel to the ramp and the other to be perpen-
dicular to the ramp. For the case shown in Fig. 4.5, both F, and F, are positive; in other
situations, depending on your choice of axes and the orientation of the force F either F, or
F, may be negative or zero.

CAUTION Using a wiggly line in force diagrams In Fig. 4.5 we draw a wiggly line through the
force vector F to show that we have replaced it by its x- and y-components. Otherwise, the diagram
would include the same force twice. We’ll draw such a wiggly line in any force diagram where a
force is replaced by its components. We encourage you to do the same in your own diagrams!

We’ll often need to find the vector sum (resultant) of all forces acting on an object. We
call this the net force acting on the object. We’ll use the Greek letter >, (capital sigma,
equivalent to the Roman S) as a shorthand notation for a sum. If the forces are labeled Fl,
F2, F3, and so on, we can write

The net force -==sssssssenn... > R EF Fl + F2 + F3

acting on an object ...

(4.1)

. is the vector sum, or resultant, of all individual forces acting on that object.

We read 2 F as “the vector sum of the forces™ or “the net force.” The x-component of
the net force is the sum of the x-components of the individual forces, and likewise for the
y-component (Fig. 4.6):

XZEFX RyZEFy

Each component may be positive or negative, so be careful with signs when you evaluate
these sums.

Once we have R, and R, we can find the magnitude and direction of the net force
R=3F acting on the object The magnitude is

R= VR +R}

and the angle 6 between R and the +x-axis can be found from the relationship
tanf = Ry/ R,. The components R, and R, may be positive, negative, or zero, and the angle 6
may be in any of the four quadrants.

(4.2)
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In three-dimensional problems, forces may also have z-components; then we add the

equation R,

R=VR}+R’+R?

EXAMPLE 4.1 Superposition of forces: Finding the net force

= XF, to Egs. (4.2). The magnitude of the net force is then

wiTH VARIATION PROBLEMS

Three professional wrestlers are fighting over a champion’s belt.
Figure 4.7a shows the horizontal force each wrestler applies to the
belt, as viewed from above. The forces have magnitudes | = S0 N,
F> = 120 N, and F5 = 250 N. Find the x- and y-components of the net
force on the belt, and find its magnitude and direction.

IDENTIFY and SET UP This is a problem in vector addition in which
the vectors happen to represent forces. To find the x- and y-components
of the net force R, we’ll use the component method of vector addition
expressed by Egs. (4.2). Once we know the components of R we can
find its magnitude and direction.

EXECUTE Figure 4.7a shows that force i’] (magnitude 50 N) points in
the positive x-direction. Hence it has a positive x-component and zero
y-component:

Fi, = 50N Fi, = 0N
Force i‘z points in the negative y-direction and so has zero x-component
and a negative y-component:

F,, = 0N Fpy = —120N

Force f‘3 doesn’t point along either the x-direction or the y-direction:
Figure 4.7a shows that its x-component is negative and its y-component

Figure 4.7 (a) Three forces acting on a belt. (b) The net force
R = XF and its components.

(a) y (b) Y
Net forge
R =3F

<+ x- and y-components
" of By

|
Fay *F| has zero

= y-component.
F, has zero iy P

Xx-component. F,

is positive. The angle between i‘3 and the negative x-axis is 53° so the
absolute value of its x-component is equal to the magnitude of F;3 times
the cosine of 53°. The absolute value of the y-component is therefore
the magnitude of F; times the sine of 53°. Keeping track of the signs,
we find the components of ﬁ} are

F3, = —(250 N) cos 53° = =150 N F3;, = (250 N) sin 53° = 200 N
From Eqgs. (4.2) the components of the net force R = XF are
R, =F, + F+ F,=5N+0N + (-150N) = —100N
R, = F|y + F,, + F;, =0N + (—120N) + 200N = 80N

The net force has a negative x-component and a positive y-component,
as Fig. 4.7b shows.
The magnitude of R is

R=VRI+R}=

V/(=100N)2 + (80N)? = 128 N

To find the angle between the net force and the +x-axis, we use
Eq. (1.7):

R 80N
0= arctaany = arctan( ) = arctan (—0.80)

3 —100N

The arctangent of —0.80 is —39°, but Fig. 4.7b shows that the net force
lies in the second quadrant. Hence the correct solution is § = —39° +
180° = 141°.

EVALUATE The net force is not zero. Wrestler 3 exerts the greatest force
on the belt, 5 = 250 N, and will walk away with it when the struggle
ends.

You should check the direction of R by addlng the vectors Fl, Fz,
and F’; graphically. Does your drawing show that R = F] + F2 + Fg
points in the second quadrant as we found?

KEYCONCEPT The net force is the vector sum of all of the individ-
ual forces that act on the object. It can be specified by its components or
by its magnitude and direction.

TEST YOUR UNDERSTANDING OF SECTION 4.1 Figure 4.5 shows a force F acting on a
crate. (a) With the x- and y-axes shown in the figure, is the x-component of the gravitational force
that the earth exerts on the crate (the crate’s weight) positive, negative, or zero? (b) What about the

y-component?
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P¥) NEWTON’S FIRST LAW

How do the forces acting on an object affect that object’s motion? Let’s first note that it’s
impossible for an object to affect its own motion by exerting a force on itself. If that were
possible, you could lift yourself to the ceiling by pulling up on your belt! The forces that
affect an object’s motion are external forces, those forces exerted on the object by other



132 CHAPTER 4 Newton’s Laws of Motion

Figure 4.8 The slicker the surface, the
farther a puck slides after being given an
initial velocity. On an air-hockey table (c)
the friction force is practically zero, so
the puck continues with almost constant
velocity.

(@) Table: puck stops short.

(b) Ice: puck slides farther.
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(c) Air-hockey table: puck slides even farther.

objects in its environment. So the question we must answer is this: How do the external
forces that act on an object affect its motion?

To begin to answer this question, let’s first consider what happens when the net exter-
nal force on an object is zero. You would almost certainly agree that if an object is at rest,
and if no net external force acts on it (that is, no net push or pull from other objects), that
object will remain at rest. But what if there is zero net external force acting on an object
in motion?

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 hand (Fig. 4.8a). After you stop push-
ing, the puck does not continue 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 “com-
mon sense” conclusion that objects 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. 4.8c). In each case,
what slows the puck down is friction, an interaction 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; the difference in the three cases is the magnitude of the fric-
tion 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 motion is incorrect.

Experiments like the ones we’ve just described show that when no net external force
acts on an object, the object either remains at rest or moves with constant velocity in a
straight line. Once an object has been set in motion, no net external force is needed to
keep it moving. We call this observation Newton’s first law of motion:

NEWTON'’S FIRST LAW OF MOTION An object acted on by no net external force
has a constant velocity (which may be zero) and zero acceleration.

The tendency of an object 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 bottle back, the ketchup
tends to keep moving forward and, you hope, ends up on your burger. Inertia is also the
tendency of an object at rest to remain at rest. You may have seen a tablecloth yanked out
from under a table setting without breaking anything. The force on the table setting isn’t
great enough to make it move appreciably during the short time it takes to pull the table-
cloth away.

It’s important to note that the ner external force is what matters in Newton’s first law.
For example, a physics book at rest on a horizontal tabletop has two forces acting 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 (see Fig. 4.2d). The upward push of the surface is
just as great as the downward pull of gravity, so the net external force acting 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 external force acting on it is zero.

Here’s another example. Suppose a hockey puck rests on a horizontal surface with neg-
ligible friction, such as an air-hockey table or a slab of wet ice. If the puck is initially at rest
and a single horizontal force F; acts on it (Fig. 4.9a), 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 external force is equal to Fj, which is not zero.
(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.)
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(a) A puck on a frictionless surface
accelerates when acted on by a
single horizontal force.

(b) This puck is acted on by two
horizontal forces whose vector sum
is zero. The puck behaves as though
no external forces act on it.

Figure 4.9 (a) A hockey puck accelerates
in the direction of a net applied force Fj.
(b) When the net external force is zero,
the acceleration is zero, and the puck is in
- equilibrium.
SF =0

a=0

(=Y

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 external force on
the child and sled, and they slide with a
constant velocity.

Now suppose we apply a second force, i’z (Fig. 4.9b), equal in magnitude to f] but op-
posite in direction. The two forces are negatives of each other, F, = — Fj, and their vector
sum is zero:

2ﬁ=ﬁ]+i2=ﬁl+(—ﬁ])=0

Again, we find that if the object 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 external force is equivalent to no external force
at all. This is just the principle of superposition of forces that we saw in Section 4.1.

When an object is either at rest or moving with constant velocity (in a straight line with
constant speed), we say that the object is in equilibrium. For an object to be in equilib-
rium, it must be acted on by no forces, or by several forces such that their vector sum—
that is, the net external force—is zero:

Newton’s first law: 3 M e ... must be zero if the object
Net external force on an object ... *2F “isin equilibrium. (4.3)

We’re assuming that the object can be represented adequately as a point particle. When
the object has finite size, we also have to consider where on the object the forces are ap-
plied. We'll return to this point in Chapter 11.

CONCEPTUAL EXAMPLE 4.2 Using Newton’s first law |

In the classic 1950 science-fiction film Rocketship X-M, a spaceship is
moving in the vacuum of outer space, far from any star or planet, when
its engine dies. As a result, the spaceship slows down and stops. What
does Newton’s first law say about this scene?

to move in a straight line with constant speed. Some science-fiction
movies are based on accurate science; this is not one of them.

KEYCONCEPT If the net external force on an object is zero, the
object either remains at rest or keeps moving at a constant velocity.
SOLUTION No external forces act on the spaceship after the engine

dies, so according to Newton’s first law it will not stop but will continue

CONCEPTUAL EXAMPLE 4.3 Using Newton’s first law Il

You are driving a Porsche 918 Spyder on a straight testing track at a
constant speed of 250 km/h. You pass a 1971 Volkswagen Beetle doing
a constant 75 km/h. On which car is the net external force greater?

your Porsche than it does on the Volkswagen. But a backward force also
acts on each car due to road friction and air resistance. When the car
is traveling with constant velocity, the vector sum of the forward and
backward forces is zero. There is a greater backward force on the fast-
moving Porsche than on the slow-moving Volkswagen, which is why the
Porsche’s engine must be more powerful than that of the Volkswagen.

SOLUTION The key word in this question is “net.” Both cars are in
equilibrium because their velocities are constant; Newton’s first law
therefore says that the net external force on each car is zero.

This seems to contradict the “common sense” idea that the faster car
must have a greater force pushing it. Thanks to your Porsche’s high-
power engine, it’s true that the track exerts a greater forward force on

KEYCONCEPT If an object either remains at rest or keeps moving at
a constant velocity, the net external force on the object is zero.
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CHAPTER 4 Newton’s Laws of Motion

Inertial Frames of Reference

In discussing relative velocity in Section 3.5, we introduced the concept of frame of refer-
ence. 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 backward relative 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 external
force acting on you, yet your velocity changes. What’s wrong?

The point is that the bus is accelerating with respect to the earth and is not a 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 approximately an inertial frame of
reference, but the bus is not. (The earth is not a completely inertial frame, owing to the ac-
celeration associated with its rotation and its motion around the sun. These effects are quite
small, however; see Exercises 3.25 and 3.34.) 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 4.10 helps 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 accelerate to the
right. A passenger standing on roller skates (which nearly eliminate the effects of friction)
has virtually no net external force acting on her, so she tends to remain at rest relative to
the inertial frame of the earth. As the vehicle accelerates 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 rela-
tive 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 relative 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 might
be tempted to conclude that there is a net external force acting on the passenger, since the
passenger’s velocity relative to the vehicle changes in each case. This conclusion is simply

Figure 4.10 Riding in an accelerating vehicle.

(@) Initially, you and the
vehicle are at rest.

_ A= (0 t=0 =
= a
a

r=Ar t= At

r=2At r=2At

r = 3At t = 3At
You tend to remain at rest as the You tend to continue moving
vehicle accelerates around you. with constant velocity as the

(b) Initially, you and the (c) The vehicle rounds a turn
vehicle are in motion. ™, at constant speed.

vehicle slows down around you.

You tend to continue moving in a
straight line as the vehicle turns.



wrong; the net external force on the passenger is indeed zero. The vehicle observer’s mis-
take is in trying to apply Newton’s first law in the vehicle’s frame of reference, which is
not an inertial frame and in which Newton’s first law isn’t valid (Fig. 4.11). In this book
we’ll use only inertial frames of reference.

We’ve mentioned only one (approximately) inertial frame of reference: the earth’s sur-
face. But there are many inertial frames. If we have an inertial frame of reference A, in
which Newton’s first law is obeyed, then any second frame of reference B will also be
inertial if it moves relative to A with constant velocity 3B/A. We can prove this by using the
relative-velocity relationship Eq. (3.35) from Section 3.5:

Up/a = Up/p + Upjs

Suppose that P is an object that moves with constant velocity BP/A with respect to an
inertial frame A. By Newton’s first law the net external force on this object is zero. The
velocity of P relative to another frame B has a different value, Up/g =Up/4 — Up/s. Butif
the relative velocity g/ of the two frames is constant, then Tp/g is constant as well. Thus
B is also an inertial frame; the velocity of P in this frame is constant, and the net external
force on P is zero, so Newton’s first law is obeyed in B. Observers in frames A and B will
disagree about the velocity of P, but they will agree that P has a constant velocity (zero
acceleration) and has zero net external force acting on it.

There is no single inertial frame of reference that is preferred over all others for formu-
lating 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 object is zero.

TEST YOUR UNDERSTANDING OF SECTION 4.2 In which of the following situations is
there zero net external force on the object? (i) An airplane flying due north at a steady 120 m/s and
at a constant altitude; (ii) a car driving straight up a hill with a 3° slope at a constant 90 km/h; (iii)
a hawk circling at a constant 20 km/h 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 5 m/s’.
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%) NEWTON’S SECOND LAW

Newton’s first law tells us that when an object is acted on by zero net external force, the
object moves with constant velocity and zero acceleration. In Fig. 4.12a (next page), a
hockey 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 nor-
mal force exerted by the ice surface sum to zero. So the net external force 2 F acting on
the puck is zero, the puck has zero acceleration, and its velocity is constant.

But what happens when the net external force is not zero? In Fig. 4.12b we apply a con-
stant horizontal force to a sliding puck in the same direction that the puck is moving. Then
> F is constant and in the same horizontal direction as . We find that during the time the
force is acting, the velocity of the puck changes at a constant rate; that is, the puck moves
with constant acceleration. The speed of the puck increases, so the acceleration d is in the
same direction as U and > F. .

In Fig. 4.12¢ we reverse the direction of the force on the puck so that > F acts opposite to
v. In this case as well, the puck has an acceleration; the puck moves more and more slowly to
the right. The acceleration  in this case is to the left, in the same direciion as 2 F. Asin the
previous case, experiment shows that the acceleration is constant if X F is constant.

We conclude that a net external force acting on an object causes the object to accelerate
in the same direction as the net external force. If the magnitude of the net external force is
constant, as in Fig. 4.12b and Fig. 4.12c, then so is the magnitude of the acceleration.
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Figure 4.11 From the frame of reference
of the car, it seems as though a force is
pushing the crash test dummies forward as
the car comes to a sudden stop. But there
is really no such force: As the car stops,
the dummies keep moving forward as a
consequence of Newton’s first law.
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Figure 4.12 Using a hockey puck on

a frictionless surface to explore the
relationship between the net external
force 2 F on an object and the resulting
acceleration & of the object.

Figure 4.13 A top view of a hockey
puck in uniform circular motion on a
frictionless horizontal surface.

Puck moves at constant speed
around circle.

At all points, the acceleration @ and the net
external force 3F point in the same direction—
always toward the center of the circle.

Figure 4.14 The magnitude of an object’s
acceleration  is directly proportional to
the magnitude of the net external force

> F acting on the object of mass m.

(a) A constant net external force 2.F
causes a constant acceleration a.

N

a

mSF=F

(b) Doubling the net external force
doubles the acceleration.

2a
M SF =2F

(c) Halving the net external force
halves the acceleration.

—
a

=

(@) If there is zero net external force on the puck, so SF = 0, ..

—_— —_— —_— —_— —
v oA v v Y

*... the puck has zero acceleration (¢ = 0) and its velocity ¥ is constant.”

(b) Ifa constant net external force SF acts on the puck in the direction of its motion ...
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... the puck has a constant acceleration a in the same direction as the net force.

(c) If a constant net external force %F acts on the puck opposite to the direction of its motion ...

SF SF SF SF SF
~ ~f— ~f— ~— ~f—
i — i i i i, —
= £ @,«/ 2 @f/ @ P @ﬁ/
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... the puck has a constant acceleration @ in the same direction as the net force.

These conclusions about net external force and acceleration also apply to an object
moving along a curved path. For example, Fig. 4.13 shows a hockey puck moving in 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 of constant magnitude on
the puck. The net external force and acceleration are both constant in magnitude and di-
rected toward the center of the circle. The speed of the puck is constant, so this is uniform
circular motion (see Section 3.4).

Figure 4.14a shows another experiment involving acceleration and net external force.
We apply a constant horizontal force to a puck on a frictionless horizontal surface, using
the spring balance described in Section 4.1 with the spring stretched a constant amount.
As in Figs. 4.12b and Figs. 4.12c, this horizontal force equals the net external force on the
puck. If we change the magnitude of the net external force, the acceleration changes in
the same proportion. Doubling the net external force doubles the acceleration (Fig. 4.14b),
halving the net external force halves the acceleration (Fig. 4.14c), and so on. Many such
experiments show that for any given object, the magnitude of the acceleration is directly
proportional to the magnitude of the net external force acting on the object.

Mass and Force

Our results mean that for a given object, the ratio of the magnitude | SF | of the net exter-
nal force to the magnitude a = |a| of the acceleration is constant, regardless of the mag-
nitude of the net external force. We call this ratio the inertial mass, or simply the mass, of
the object and denote it by m. That is,

|2F|

SF .
= ‘ ‘ or ‘EF\ = ma or a=— (4.4)
a m

Mass is a quantitative measure of inertia, which we discussed in Section 4.2. The last of
the equations in Eqs. (4.4) says that the greater an object’s mass, the more the object “re-
sists” 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 accelera-
tion, 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

m



the same force, the basketball has much smaller acceleration because it has much greater
mass.

The SI unit of mass is the kilogram. We mentioned in Section 1.3 that the kilo-
gram is officially defined in terms of the definitions of the second and the meter, as
well as the value of a fundamental quantity called Planck’s constant. We can use this
definition:

One newton is the amount of net external force that gives an acceleration of
1 meter per second squared to an object 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 = (1 kilogram)(1 meter per second squared)
or
IN = 1kg-m/s?

We'll use this relationship many times in the next few chapters, so keep it in mind.

Here’s an application of Egs. (4.4). Suppose we apply a constant net external force SF
to an object of known mass m; and we find an acceleration of magnitude a; (Fig. 4.15a).
We then apply the same force to another object of unknown mass m,, and we find an ac-
celeration of magnitude a, (Fig. 4.15b). Then, according to Egs. (4.4),

mya, = nmpdap

my  a
— = — (same net external force)
my a

(4.5)

For the same net external force, the ratio of the masses of two objects is the inverse of the
ratio of their accelerations. In principle we could use Eq. (4.5) to measure an unknown
mass m,, but it is usually easier to determine mass indirectly by measuring the object’s
weight. We'll return to this point in Section 4.4.

When two objects with masses m; and m, are fastened together, we find that the mass
of the composite object is always m; + m, (Fig. 4.15¢). This additive property of mass may
seem obvious, but it has to be verified experimentally. Ultimately, the mass of an object is
related to the number of protons, electrons, and neutrons it contains. This wouldn’t be a good
way to define mass because there is no practical way to count these particles. But the con-
cept of mass is the most fundamental way to characterize the quantity of matter in an object.

Stating Newton’s Second Law

Experiment shows that the ner external force on an object is what causes that object to ac-
celerate. If a combination of forces Fj, F2, E, and so on is applied to an object, the object
will have the same acceleration vector a as when only a s1ngle force is applied, if that
single force is equal to the vector sum Fl + F2 + F3 + - - - . In other words, the principle
of superposition of forces (see Fig. 4.4) also holds true when the net external force is not
zero and the object is accelerating.

Equations (4.4) relate the magnitude of the net external force on an object to the mag-
nitude of the acceleration that it produces. We have also seen that the direction of the net
external force is the same as the direction of the acceleration, whether the object’s path
is straight or curved. Finally, we’ve seen that the forces that affect an object’s motion are
external forces, those exerted on the object by other objects in its environment. Newton
wrapped up all these results into a single concise statement that we now call Newrton’s
second law of motion:

NEWTON’S SECOND LAW OF MOTION If a net external force acts on an object,
the object accelerates. The direction of acceleration is the same as the direction of
the net external force. The mass of the object times the acceleration vector of the
object equals the net external force vector.

4.3 Newton’s Second Law

Figure 4.15 For a given net external
force 2 F acting an object, the
acceleration is inversely proportional
to the mass of the object. Masses
add like ordinary scalars.

(a) A known net external force 2.F
causes an object with mass m; to have
an acceleration a;.
-
a;
_
- =
———
(i)
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(b) Applying the same net external force 3F
to a second object and noting the acceleration

allow us to measure the mass.
a

IS
1y

(c) When the two objects are fastened
together, the same method shows that
their composite mass is the sum of their
individual masses.

d;
’J:I“ SF
——
my + my .
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Figure 4.16 The design of high-
performance motorcycles depends
fundamentally on Newton’s second law.
To maximize the forward acceleration, the
designer makes the motorcycle as light as
possible (that is, minimizes the mass) and
uses the most powerful engine possible
(thus maximizing the forward force).

In symbols,
Newton’s second law: -........... = S e ... the object accelerates in
oy — s
If there is a net external 2F I;ml the same direction as the (4.6)
force on an object ... Mass of object * net external force.

An alternative statement is that the acceleration of an object is equal to the net external
force acting on the object divided by the object’s mass:

SF
m
Newton’s second law is a fundamental law of nature, the basic relationship between

-
a =

. 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 applications (Fig. 4.16). You’ve actually been using
it all your life to measure your body’s acceleration. In your inner ear, microscopic hair

. cells are attached to a gelatinous substance that holds tiny crystals of calcium carbonate

called otoliths. When your body accelerates, the hair cells pull the otoliths along with the

~ rest of your body and sense the magnitude and direction of the force that they exert. By

Newton’s second law, the acceleration of the otoliths—and hence that of your body as a

- whole—is proportional to this force and has the same direction. In this way, you can sense

the magnitude and direction of your acceleration even with your eyes closed!

Using Newton’s Second Law

At least four aspects of Newton’s second law deserve special attention. First, Eq. (4.6) is a
vector equation. Usually we’ll use it in component form, with a separate equation for each
component of force and the corresponding component of acceleration:

Newton’s second law: Each component of the net external force on an object ...

(4.7)

... equals the object’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 external forces. As an ex-
ample, how a kicked football moves isn’t affected by the infernal forces that hold the
pieces of the ball together. That’s why only external forces are included in the sum SFin
Egs. (4.6) and 4.7).

Third, Eqs. (4.6) and (4.7) are valid only when the mass m is constant. It’s easy to think
of systems whose masses change, such as a leaking tank truck or a moving railroad car
being loaded with coal. Such systems are better handled by using the concept of momen-
tum; 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. It’s not valid in the reference frame of any of the accelerating vehicles in
Fig. 4.10; relative to any of these frames, the passenger accelerates even though the net
external force on the passenger is zero. We’ll usually treat the earth as an adequate ap-
proximation to an inertial frame, although because of its rotation and orbital motion it is
not precisely inertial.

CAUTION ma is not a force Even though the vector m is equal to the vector sum SF of all the
forces acting on the object, the vector md is not a force. Acceleration is the result of the net external
force; it is not a force itself. It’s “common sense” to think that a “force of acceleration” 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’ll always
examine motion relative to inertial frames of reference only, and we strongly recommend that you
do the same in solving problems.
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In learning how to use Newton’s second law, we’ll begin in this chapter with examples
of straight-line motion. Then in Chapter 5 we’ll consider more general kinds of motion

and develop more detailed problem-solving strategies.

EXAMPLE 4.4 Newton’s second law I: Determining acceleration from force

wiTH VARIATION PROBLEMS

A worker applies a constant horizontal force with magnitude 20 N to a
box with mass 40 kg resting on a level, freshly waxed floor with negli-
gible friction. What is the acceleration of the box?

IDENTIFY and SET UP This problem involves force and acceleration,
so we’ll use Newton’s second law. That means we’ll have to find the net
external force acting on the box and set it equal to the mass of the box
multiplied by its acceleration. In this example, the acceleration is our
target variable.

In any problem involving forces, to find the net external force we must
first identify all of the individual external forces that act on the object
in question. (Remember that the net external force is the vector sum of
these individual forces.) To identify these forces, we’ll use the idea that
two broad categories of forces act on an object like the box in Fig. 4.17:
the weight of the object w—that is, the downward gravitational force ex-
erted by the earth—and contact forces, which are forces exerted by other
objects that the object in question is touching. Two objects are touching
the box—the worker’s hands and the floor—and both exert contact forces
on the box. The worker’s hands exert a horizontal force F of magnitude
20 N. The floor exerts an upward supporting force; as in Section 4.1, we
call this a normal force 1 because it acts perpendicular to the surface of
contact. (Remember that “normal” is a synonym for “perpendicular.” It
does not mean the opposite of “abnormal™!) If friction were present, the
floor would also exert a friction force on the box; we’ll ignore this here,
since we're told that friction is negligible. Figure 4.17 shows these three
external forces that act on the box.

Figure 4.17 Our sketch for this problem.

The vertical components of the external forces
on the box sum to zero, and the box has no
vertical acceleration. -,
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The horizontal components of
the external forces on the box
r. do not add to zero, so the box
has a horizontal acceleration.
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Just as we did for the forces in Example 4.1 (Section 4.1), we’ll find the
vector sum of these external forces using components. That’s why the sec-
ond step in any problem involving forces is choosing a coordinate system
for finding vector components. It’s usually convenient to take one axis either
along or opposite the direction of the object’s acceleration, which in this case
is horizontal. Hence we take the +x-axis to be in the direction of the applied
horizontal force (which is the direction in which the box accelerates) and the
+y-axis to be upward. In most force problems that you’ll encounter (includ-
ing this one), the force vectors all lie in a plane, so the z-axis isn’t used.

The box doesn’t move vertically, so the y-acceleration is zero:
a, = 0. Our target variable is the x-acceleration, a,. We’ll find it by
using Newton’s second law in component form, Eqgs. (4.7).

EXECUTE The force F exerted by the worker has a positive x-component
and zero y-component (so Fy = F = 20N, F, = 0); the normal force
n has zero x-component and an upward, positive y-component (so
n, = 0,n, = n); and the weight w has zero x-component and a down-
ward, negative y-component (so w, = 0, w, = — w). From Newton’s
second law, Egs. (4.7),

SEE=F+0+0=F=20N = ma,
SF,=0+n—w=ma, =0

From the first equation, the x-component of acceleration is

_ SF. 20N 20kg-m/s’

= = = 0.50 m/s’
m  40kg 40 kg m/s

Ay

EVALUATE The net external force is constant, so the acceleration in the
+x-direction is also constant. If we know the initial position and veloc-
ity of the box, we can find its position and velocity at any later time
from the constant-acceleration equations of Chapter 2.

To determine a,, we didn’t need the y-component of Newton’s sec-
ond law from Egs. (47), 2F, = ma,. Can you use this equation to
show that the magnitude n of the normal force in this situation is equal
to the weight of the box?

KEYCONCEPT In problems involving forces and acceleration, first
identify all of the external forces acting on an object, then choose a co-
ordinate system. Find the vector sum of the external forces, and then set
it equal to the mass of the object times the acceleration.

EXAMPLE 4.5 Newton’s second law Il: Determining force from acceleration

wiTH VARIATION PROBLEMS

A waitress shoves a ketchup bottle with mass 0.45 kg to her right along
a smooth, level lunch counter. The bottle leaves her hand moving at
2.0 m/s, then slows down as it slides because of a constant horizontal
friction force exerted on it by the countertop. It slides for 1.0 m before
coming to rest. What are the magnitude and direction of the friction
force acting on the bottle?

IDENTIFY and SET UP This problem involves forces and acceleration
(the slowing of the ketchup bottle), so we’ll use Newton’s second law
to solve it. As in Example 4.4, we identify the external forces acting
on the bottle and choose a coordinate system (Fig. 4.18). And as in

Figure 4.18 Our sketch for this problem.

We draw one diagram showing the forces on the bottle
and another one showing the bottle’s motion.

Y
m = 0.45 kg
Vo= 2.0 m|s _
AL l Vy =0
-
K
O 1.0m >,(
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Example 4.4, we have a downward gravitational force w and an up-
ward normal force n exerted by the countertop. The countertop also
exerts a friction force f this slows the bottle down, so its direction
must be opposite the direction of the bottle’s velocity (see Fig. 4.12c).
We choose the +x-axis to be in the direction that the bottle slides, and
take the origin to be where the bottle leaves the waitress’s hand.

Our target variable is the magnitude f of the friction force. We'll
find it by using the x-component of Newton’s second law from Egs.
(4.7). We aren’t told the x-component of the bottle’s acceleration, a,,
but we know that it’s constant because the friction force that causes the
acceleration is constant. Hence we can use a constant-acceleration for-
mula from Section 2.4 to calculate a,. We know the bottle’s initial and
final x-coordinates (xo = 0 and x = 1.0 m) and its initial and final
x-velocity (v, = 2.0 m/s and v, = 0), so the easiest equation to use is
Eq. (2.13), v,> = vg® + 2a,(x — xp).

EXECUTE We solve Eq. (2.13) for a,:

0,2 — Vo, ~ (0 m/s)? — (2.0 m/s)?
2x—x)  2(1.0m — Om)

a, = = —2.0 m/s

The negative sign means that the bottle’s acceleration is toward the left
in Fig. 4.18, opposite to its velocity; this makes sense because the bottle
is slowing down. As in Example 4.4, neither the normal force nor the
weight has an x-component. That means the net external force in the
x-direction is just the x-component —f of the friction force:

SF, = —f = ma, = (0.45kg)(—2.0 m/s?)
= —0.90kg-m/s> = —0.90 N

The negative sign shows that the net external force on the bottle is to-
ward the left. The magnitude of the friction force is f = 0.90 N.

EVALUATE As a check on the result, try repeating the calculation with
the +x-axis to the left in Fig. 4.18. You’ll find that X F, is equal to
+f = +0.90 N (because the friction force is now in the +x-direction),
and again you’ll find f = 0.90 N. The answers for the magnitudes of
forces don’t depend on the choice of coordinate axes!

We didn’t write the y-component of Newton’s second law in
this example. You should do this and show that it’s the same as in
Example 4.4, so again the normal force and the weight have the same
magnitude.

CAUTION Normal force and weight don’t always have the same
magnitude Be careful that you never assume automatically that the
normal force 1 and the weight w have the same magnitude! Although
that is the case in this example and the preceding one, we’ll see many
examples in Chapter 5 and later where the magnitude of the normal
force is not equal to the weight.

KEYCONCEPT In problems involving forces in which you’re
given velocity, time, and/or displacement data, you’ll need to use the
equations for motion with constant acceleration as well as Newton’s
second law.

TEST YOUR UNDERSTANDING OF SECTION 4.3 Rank the following situations in order of
the magnitude of the object’s acceleration, from lowest to highest. Are there any cases that have the
same magnitude of acceleration? (i) A 2.0 kg object acted on by a 2.0 N net force; (ii) a 2.0 kg object
acted on by an 8.0 N net force; (iii) an 8.0 kg object acted on by a 2.0 N net force; (iv) an 8.0 kg
object acted on by a 8.0 N net force.

ANSWER
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F¥3 MASS AND WEIGHT

The weight of an object is the gravitational force that the earth exerts on the object. (If
you are on another planet, your weight is the gravitational force that planet exerts on you.)
Unfortunately, the terms “mass” and “weight” are often misused and interchanged in ev-
eryday conversation. It’s absolutely essential for you to understand clearly the distinctions
between these two physical quantities.

Mass characterizes the inertial properties of an object. Mass is what keeps the table
setting on the table when you yank the tablecloth out from under it. The greater the mass,
the greater the force needed to cause a given acceleration; this is reflected in Newton’s

second law, > F = ma.

Weight, on the other hand, is a force exerted on an object by the pull of the earth. Mass and
weight are related: Objects that have large mass also have large weight. A large stone is hard
to throw because of its large mass, and hard to lift off the ground because of its large weight.



To understand the relationship between mass and weight, note that a freely falling ob-
ject has an acceleration of magnitude g (see Section 2.5). Newton’s second law tells us that
a force must act to produce this acceleration. If a 1 kg object falls with an acceleration of
9.8 m/s?, the required force has magnitude

F =ma = (1kg)(9.8 m/s?>) = 9.8kg-m/s> = 9.8 N

The force that makes the object accelerate downward is its weight. Any object near the
surface of the earth that has a mass of 1 kg must have a weight of 9.8 N to give it the ac-
celeration we observe when it is in free fall. More generally,

Magnitude of ===+==+-. gt Mass of object
agnitude o A = mg. j 4.8)

weight of an object ™ O | Magnitude of acceleration
due to gravity

Hence the magnitude w of an object’s weight is directly proportional to its mass m.
The weight of an object is a force, a vector quantity, and we can write Eq. (4.8) as a vector
equation (Fig. 4.19):

w = mg (4.9)

Remember that g is the magnitude of g, the acceleration due to gravity, so g is always a
positive number, by definition. Thus w, given by Eq. (4.8), is the magnitude of the weight
and is also always positive.

CAUTION An object’s weight acts at all times When keeping track of the external forces on
an object, remember that the weight is present all the time, whether the object is in free fall or
not. If we suspend an object from a rope, it is in equilibrium and its acceleration is zero. But its
weight, given by Eq. (4.9), is still pulling down on it (Fig. 4.19). In this case the rope pulls up on
the object, applying an upward force. The vector sum of the external forces is zero, but the weight
still acts.

CONCEPTUAL EXAMPLE 4.6 Net external force and acceleration in free fall
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Figure 4.19 Relating the mass and weight
of an object.

Falling object, Hanging object,
mass m mass m
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Weight = Weight
w=mg | >F W = mg

* The relationship of mass to weight: w = mg.
* This relationship is the same whether an
object is falling or stationary.

In Example 2.6 of Section 2.5, a one-euro coin was dropped from rest Figure 4.20 The acceleration of a freely falling object is constant, and
from the Leaning Tower of Pisa. If the coin falls freely, so that the ef- so is the net external force acting on the object.

fects of the air are negligible, how does the net external force on the
coin vary as it falls?

SOLUTION In free fall, the acceleration @ of the coin is constant and
equal to g. Hence by Newton’s second law the net external force
> F = md is also constant and equal to mg, which is the coin’s weight

w (Fig. 4.20). The coin’s velocity changes as it falls, but the net external SF=w

force acting on it is constant.
The net external force on a freely falling coin is constant even if you
initially toss it upward. The force that your hand exerts on the coin to

toss it is a contact force, and it disappears the instant the coin leaves your KEYCONCEPT The gravitational force on an object (its weight)
hand. From then on, the only force acting on the coin is its weight w. does not depend on how the object is moving.

Variation of g with Location

We’lluse g = 9.80 m/s*for problems set on the earth (or, if the other data in the problem
are given to only two significant figures, g = 9.8 m/s?). In fact, the value of g varies
somewhat from point to point on the earth’s surface—from about 9.78 to 9.82 m/s>—
because the earth is not perfectly spherical and because of effects due to its rotation.
At a point where g = 9.80 m/s’, the weight of a standard kilogram is w = 9.80 N.
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Figure 4.21 The weight of a 1 kilogram
mass (a) on earth and (b) on the moon.
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On earth:
g = 9.80 m/s?
w=mg = 9.80N

On the moon:
g = 1.62m/s?
w=mg = 1.62N

Figure 4.22 An equal-arm balance
determines the mass of an object (such
as an apple) by comparing its weight to a
known weight.
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EXAMPLE 4.7 Mass and weight

Wunknownl l Wiknown

At a different point, where g = 9.78 m/sz, the weight is w = 9.78 N but the mass is
still 1 kg. The weight of an object varies from one location to another; the mass
does not.

If we take a standard kilogram to the surface of the moon, where the value of g is
1.62 m/s?, its weight is 1.62 N but its mass is still 1 kg (Fig. 4.21). An 80.0 kg astronaut
has a weight on earth of (80.0 kg)(9.80 m/s?) = 784 N, but on the moon the astronaut’s
weight would be only (80.0 kg)(1.62 m/s?) = 130 N. In Chapter 13 we’ll see how to cal-
culate the value of g at the surface of the moon or on other worlds.

Measuring Mass and Weight

In Section 4.3 we described a way to compare masses by comparing their accelerations
when they are subjected to the same net external force. Usually, however, the easiest
way to measure the mass of an object is to measure its weight, often by comparing
with a standard. Equation (4.8) says that two objects that have the same weight at a
particular location also have the same mass. We can compare weights very precisely;
the familiar equal-arm balance (Fig. 4.22) can determine with great precision (up to
1 part in 10°) when the weights of two objects are equal and hence when their masses
are equal.

The concept of mass plays two rather different roles in mechanics. The weight of an
object (the gravitational force acting on it) is proportional to its mass as stated in the
equation w = mg; we call the property related to gravitational interactions gravitational
mass. On the other hand, we call the inertial property that appears in Newton’s second law
(Eﬁ = md) the inertial mass. If these two quantities were different, the acceleration due
to gravity might well be different for different objects. However, extraordinarily precise
experiments have established that in fact the two are the same to a precision of better than
one part in 10'2.

CAUTION Don't confuse mass and weight The SI units for mass and weight are often misused
in everyday life. For example, it’s incorrect to say “This box weighs 6 kg.” What this really means
is that the mass of the box, probably determined indirectly by weighing, is 6 kg. Avoid this sloppy
usage in your own work! In SI units, weight (a force) is measured in newtons, while mass is mea-
sured in kilograms.

A 2.45 X 10*N truck traveling in the +x-direction makes an emer-
gency stop; the x-component of the net external force acting on it is
—1.83 X 10*N. What is its acceleration?

IDENTIFY and SET UP Our target variable is the x-component of the truck’s
acceleration, a,. We use the x-component portion of Newton’s second law,
Eqgs. (4.7), to relate force and acceleration. To do this, we need to know the
truck’s mass. The newton is a unit for force, however, so 2.49 X 10* N is
the truck’s weight, not its mass. Hence we’ll first use Eq. (4.8) to deter-
mine the truck’s mass from its weight. The truck has a positive x-velocity
and is slowing down, so its x-acceleration will be negative.

EXECUTE The mass of the truck is
w245 X 10*N 245 X 10" kg-m/s’

m = —
g 9.80 m/s’ 9.80 m/s’

= 2540 kg

Then X F, = ma, gives

_SF, -183 X 10N —1.83 X 10" kg-m/s’
m 2540kg 2540 kg

ay =—7.20 m/s?
EVALUATE The negative sign means that the acceleration vector points
in the negative x-direction, as we expected. The magnitude of this ac-
celeration is pretty high; passengers in this truck will experience a lot of
rearward force from their seat belts.

KEYCONCEPT In problems involving Newton’s second law, make
sure that for m you use the mass of the object, not its weight.




TEST YOUR UNDERSTANDING OF SECTION 4.4 Suppose an astronaut landed on a planet
where ¢ = 19.6 m/ 2. Compared to earth, would it be easier, harder, or just as easy for her to walk
around? Would it be easier, harder, or just as easy for her to catch a ball that is moving horizontally
at 12 m/s? (Assume that the astronaut’s spacesuit is a lightweight model that doesn’t impede her
movements in any way.)

ANSWER e
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X NEWTON'S THIRD LAW

A force acting on an object is always the result of its interaction with another object, so
forces always come in pairs. You can’t pull on a doorknob without the doorknob pulling
back on you. When you kick a football, your foot exerts a forward force on the ball, but
you also feel the force the ball exerts back on your foot.

In each of these cases, the force that you exert on the other object is in the opposite di-
rection to the force that object exerts on you. Experiments show that whenever two objects
interact, the two forces that they exert on each other are always equal in magnitude and
opposite in direction. This fact is called Newton’s third law of motion:

NEWTON’S THIRD LAW OF MOTION If object A exerts a force on object B (an
“action”), then object B exerts a force on object A (a “reaction”). These two forces
have the same magnitude but are opposite in direction. These two forces act on
different objects.

For example, in Fig. 4.23 i’A on g 18 the force applied by object A (first subscript)
on object B (second subscript), and Fg,, 4 is the force applied by object B (first
subscript) on object A (second subscript). In equation form,

Newton’s third law:
When two objects

A and B exert forces
on each other ...

[T PR ... the two forces have
the same magnitude but
opposite directions.

"""""""" ’FAonB = _FBonA (4.10)

Note: The two forces act on different objects.

It doesn’t matter whether one object is inanimate (like the football in Fig. 4.23) and 7
the other is not (like the kicker’s foot): They necessarily exert forces on each other that ®
obey Eq. 4.10).

In the statement of Newton’s third law, “action” and “reaction” are the two oppo-
site forces (in Fig. 4.23, f?A on g and F’B onA); We sometimes refer to them as an action—
reaction pair. This is not meant to imply any cause-and-effect relationship; we can
consider either force as the “action” and the other as the “reaction.” We often say simply
that the forces are “equal and opposite,” meaning that they have equal magnitudes and
opposite directions.

CAUTION The two forces in an action-reaction pair act on different objects We stress that
the two forces described in Newton’s third law act on different objects. This is important when
you solve problems involving Newton’s first or second law, which involve the forces that act on
an object. For instance, the net external force on the football in Fig. 4.23 is the vector sum of the
weight of the ball and the force i‘A on g exerted by kicker A on the ball B. You wouldn’t include the
force FB on A because this force acts on the kicker A, not on the ball.

4.5 Newton’s Third Law 143

Figure 4.23 Newton’s third law of
motion.

If object A exerts force 151,\ on  OD Object B
(for example, a foot kicks a ball) ...

B ...V

FAonB

FB onA . .
... then object B necessarily
exerts force Fg ,, 4 on object A
(ball kicks back on foot).

The two forces have the same magnitude
but opposite directions: Fy o, p = —Fp o a-
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In Fig. 4.23 the action and reaction forces are contact forces that are present only when

APPLICATION Blame Newton’s

Laws This car stopped because of New-
ton’s second and third laws. During the
impact, the car exerted a force on the
tree; in accordance with the third law,
the tree exerted an equally strong force
back on the car. In accordance with the
second law, the force of the tree on the
car gave the car an acceleration that
changed its velocity to zero.

CONCEPTUAL EXAMPLE 4.8 Which force is greater?

the two objects are touching. But Newton’s third law also applies to long-range forces that
do not require physical contact, such as the force of gravitational attraction. A table-tennis
ball exerts an upward gravitational force on the earth that’s equal in magnitude to the
downward gravitational force the earth exerts on the ball. When you drop the ball, both
the ball and the earth accelerate toward each other. The net force on each object has the
same magnitude, but the earth’s acceleration is microscopically small because its mass is
so great. Nevertheless, it does move!

CAUTION Contact forces need contact If your fingers push on an object, the force you exert acts
only when your fingers and the object are in contact. Once contact is broken, the force is no longer
present even if the object is still moving.

After your sports car breaks down, you start to push it to the nearest
repair shop. While the car is starting to move, how does the force you
exert on the car compare to the force the car exerts on you? How do these
forces compare when you are pushing the car along at a constant speed?

SOLUTION Newton’s third law says that in both cases, the force you
exert on the car is equal in magnitude and opposite in direction to the
force the car exerts on you. It’s true that you have to push harder to get
the car going than to keep it going. But no matter how hard you push
on the car, the car pushes just as hard back on you. Newton’s third law
gives the same result whether the two objects are at rest, moving with
constant velocity, or accelerating.

You may wonder how the car “knows” to push back on you with the
same magnitude of force that you exert on it. It may help to visualize
the forces you and the car exert on each other as interactions between the
atoms at the surface of your hand and the atoms at the surface of the car.
These interactions are analogous to miniature springs between adjacent
atoms, and a compressed spring exerts equally strong forces on both of
its ends.

KEYCONCEPT No matter how two interacting objects are moving,
the forces that they exert on each other always have the same magnitude
and point in opposite directions.

CONCEPTUAL EXAMPLE 4.9 Newton’s third law I: Objects at rest

An apple sits at rest on a table, in equilibrium. What forces act on the
apple? What is the reaction force to each of the forces acting on the
apple? What are the action—reaction pairs?

SOLUTION Figure 4.24a shows the forces acting on the apple.
f‘eanh on apple 1s the weight of the apple—that is, the downward gravita-
tional force exerted Dy the earth on the apple. Similarly, Fiupic on apple 1 the
upward normal force exerted by the table on the apple.

Figure 4.24b shows one of the action—reaction pairs involving the
apple. As the earth pulls down on the apple, with force Ijeanh on apples the
apple exerts an equally strong upward pull on the earth Fyppic on carth- BY
Newton’s third law (Eq. 4.10) we have

- -

earth on apple

F, apple on earth =

Figure 4.24c shows the other action—reaction pair involving the apple.
The table pushes up on the apple with force f’mble on apple; the corre-
sponding reaction is the downward force Fyppic on able €xerted by the
apple on the table. For this action-reaction pair we have

> -
F, apple on table - Ftab]e on apple

B The two forces acting on the apple in Fig. 4.24a, Ij‘mble on apple and
Fiarth on apples @re not an action-reaction pair, despite being equal in
magnitude and opposite in direction. They do not represent the mu-
tual interaction of two objects; they are two different forces acting
on the same object. Figure 4.24d shows another way to see this.
If we suddenly yank the table out from under the apple, the forces
Fapplgon table and Ftable on apple SUddenly become zero, but Fapple on earth
and Feyr on apple are unchanged (the gravitational interaction is still
present). Because Fapie on apple is now zero, it can’t be the negative
of the nonzero Foyh on apple- and these two forces can’t be an action—
reaction pair. The two forces in an action—reaction pair never act on
the same object.

KEYCONCEPT The two forces in an action—reaction pair always act
on two different objects.



Figure 4.24 Identifying action—reaction pairs.

(a) The forces acting on the apple

(b) The action—reaction pair for
the interaction between the
apple and the earth

(c) The action-reaction pair for
the interaction between the apple
and the table

4.5 Newton’s Third Law

(d) We eliminate the force of
the table on the apple.
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‘_yfFlable on apple
=
F earth on apple
pp
‘ N ‘

F apple on earth

= =

F —F

apple on earth =A earth on apple

The two forces on the apple cannot
be an action—reaction pair because
they act on the same object.

"An action—reaction pair is a mutual -+
interaction between two objects. The
two forces act on two different objects.

N
ﬁ 1Ftable onapple —
table on apple B
N 5 R Feorth on apple ﬁ
F apple on table o Table

removed

F

apple on earth

1
— e ——

= -

Fapple on table f _Flable on apple

When we remove the table, F table on apple

becomes zero but chh on apple 18 unchanged.
Hence these forces (which act on the same object)
cannot be an action—reaction pair.

CONCEPTUAL EXAMPLE 4.10 Newton’s third law Il: Objects in motion

A stonemason drags a marble block across a floor by pulling on a rope
attached to the block (Fig. 4.25a). The block is not necessarily in equi-
librium. What are the forces that correspond to the interactions be-
tween the block, rope, and mason? What are the action—reaction pairs?

SOLUTION We’ll use the subscripts B for the block, R for the rope, and
M for the mason. In Fig. 4.25b f’M on R 18 the force exerted by the mason
on the rope, and the corresponding reaction is the force f’R on M €xerted
by the rope on the mason. Similarly, f‘R on B 18 the force exerted L)y the
rope on the block, and the corresponding reaction is the force Fg o, g
exerted by the block on the rope. The forces in each action—-reaction pair
are equal and opposite:

> >
and FBonR= _FRonB

> >
FRonM = _FMonR

Forces i‘M onR and i‘B onr (Fig. 4.25¢) are not an action-reaction
pair because both of these forces act on the same object (the rope); an
action and 1ts reaction must always act on different objects. Furthermore,
the forces FM onR and FB onR are not necessarily equal in magnitude.
Applying Newton’s second law to the rope, we get

S . .
2F = Fyionr + Fgonr = mpdy

If the block and rope are accelerating (speeding up or slowing down),
the rope is not in equilibrium, and FM on R Must have a dlfferent mag-
mtude than FB onR- By contrast, the actlon—reactlon forces FM onR
and FR onM are always equal in magnitude, as are FR onB and FB on R
Newton’s third law holds whether or not the objects are accelerating.

Figure 4.25 Identifying the interaction forces when a mason pulls on a rope attached to a block.

(a) The block, the rope, and the mason (b) The action—reaction pairs

Block (B)

= -
FRonM FMonR

¥ Rope (R)

Mason (M)

4<—-T>
FB(mR FRonB

In the special case in which the rope is in equilibrium, the forces
Fyionr and Fg o, r are equal in magnitude and opposite in direction.
But this is an example of Newton’s first law, not his third; these are
two forces on the same object, not forces of two objects on each other.
Another way to look at this is that in equilibrium, ar = 0 in the previ-
ous equation. Then 17"3 onR = —Fyonr because of Newton’s first law.

Another special case is if the rope is accelerating but has negligibly small
mass compared to that of the block or the mason. In this case, mg = 0 in
the previous eguation, SO again f’B onR = — i’M on R- Since Newton’s third
law says that Fg ., g always equals — Fy o, g (they are an action—reaction
pair), in this “massless-rope” case i‘R on B also equals f’M onR-

PN N
N

(c) Not an action—-reaction pair (d) Not necessarily equal

—
o FM onR

-

=
Fgonr “ 7 Fyponr :'»FROnB

These forces are equal only if
the rope is in equilibrium (or
can be treated as massless).

These forces cannot be
an action-reaction pair
because they act on the
same object (the rope).

For both the “massless-rope” case and a rope in equilibrium, the
rope exerts the same force on the block as the mason exerts on the
rope (Fig. 4.25d). Hence we can think of the rope as “transmitting”
to the block the force the mason exerts on the rope. But remember
that this is true only when the rope has negligibly small mass or is in
equilibrium.

KEYCONCEPT In problems that involve more than one object,
use Newton’s third law to relate the forces that the objects exert on
each other.
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CONCEPTUAL EXAMPLE 4.11 A Newton’s third law paradox?

We saw in Conceptual Example 4.10 that the stonemason pulls as
hard on the rope-block combination as that combination pulls back on
him. Why, then, does the block move while the stonemason remains
stationary?

SOLUTION To resolve this seeming paradox, keep in mind the differ-
ence between Newton’s second and third laws. The only forces involved
in Newton’s second law are those that act on a given object. The vec-
tor sum of these forces determines the object’s acceleration, if any. By
contrast, Newton’s third law relates the forces that two different objects
exert on each other. The third law alone tells you nothing about the mo-
tion of either object.

If the rope-block combination is initially at rest, it begins to slide
if the stonemason exerts a force on the rope f‘M onR that is greater in
magnitude than the friction force that the floor exerts on the block (Fig.
4.26). Then there is a net external force to the right on the rope-block
combination, and it accelerates to the right. By contrast, the stonema-
son doesn’t move because the net external force acting on him is zero.
His shoes have nonskid soles that don’t slip on the floor, so the friction
force that the floor exerts on him is strong enough to balance the pull of
the rope on him, Fy o, m. (Both the block and the stonemason also expe-
rience a downward force of gravity and an upward normal force exerted
by the floor. These forces balance each other, and so don’t affect the
motion of the block or the mason.)

Once the block is moving, the stonemason doesn’t need to pull as
hard; he must exert only enough force to balance the friction force on
the block. Then the net external force on the moving block is zero, and
by Newton’s first law the block continues to move toward the mason at
a constant velocity.

Figure 4.26 The horizontal forces acting on the block—rope
combination (left) and the mason (right). (The vertical forces are not
shown.)

These forces are an action—reaction
pair. They have the same magnitude
but act on different objects.

Friction force N Friction force

of floor on Loy L% ﬁf . of floor on

block Fytonk Fronm ﬁj}v’ mason
 —

o) % A

Mason

Block + rope
The block begins slidi.ng if
F\p on g OVercomes the
friction force on the block.

The mason remains at rest if
Fg ,n m1s balanced by the
friction force on the mason.

So the block accelerates but the stonemason doesn’t because differ-
ent amounts of friction act on them. If the floor were freshly waxed,
so that there was little friction between the floor and the stonemason’s
shoes, pulling on the rope might start the block sliding to the right and
start him sliding to the left.

Here’s the moral: When analyzing the motion of an object, remem-
ber that only the forces acting on an object determine its motion. From
this perspective, Newton’s third law is merely a tool that can help you
determine what those forces are.

KEYCONCEPT The motion of an object depends on the forces that
are exerted on it, not the forces that it exerts on other objects.

An object that has pulling forces applied at its ends, such as the rope in Fig. 4.25,
is said to be in tension. The tension at any point along the rope is the magnitude of
the force acting at that point (see Fig. 4.2¢). In Fig. 4.25b the tension at the right end
of the rope is the magnitude of FM onR (or of FR on M), and the tension at the left end is
the magnitude of FB onR (or of FR on B)- If the rope is in equilibrium and if no forces act
except at its ends, the net external force on the rope is zero and the tension is the same
at both ends and throughout the rope. Thus, if the magnitudes of FB onRr and FM onR are
50 N each, the tension in the rope is 50 N (not 100 N). The same is true if we can re-
gard the rope as “massless” (that is, if its mass is small compared to that of the objects

to which it’s attached).

‘We emphasize once again that the two forces in an action—reaction pair never act on the
same object. Remembering this fact can help you avoid confusion about action—reaction
pairs and Newton’s third law.

TEST YOUR UNDERSTANDING OF SECTION 4.5 You are driving a car on a country road
when a mosquito splatters on the windshield. Which has the greater magnitude: the force that the
car exerted on the mosquito or the force that the mosquito exerted on the car? Or are the magni-
tudes the same? If they are different, how can you reconcile this fact with Newton’s third law? If
they are equal, why is the mosquito splattered while the car is undamaged?

ANSWER
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VX FREE-BODY DIAGRAMS

Newton’s three laws of motion contain all the basic principles we need to solve a wide variety
of problems in mechanics. These laws are very simple in form, but the process of applying
them to specific situations can pose real challenges. In this brief section we’ll point out three
key ideas and techniques to use in any problems involving Newton’s laws. You’ll learn others
in Chapter 5, which also extends the use of Newton’s laws to cover more complex situations.

L. Newton’s first and second laws apply to a specific object. Whenever you use
Negvton’s first law, 2 F = 0, for an equilibrium situation or Newton’s second law,
>F = ma, for a nonequilibrium situation, you must decide at the beginning to
which object you are referring. This decision may sound trivial, but it isn’t.

2. Only forces acting on the object matter. The sum SF includes all the forces that act
on the object in question. Hence, once you’ve chosen the object to analyze, you have
to identify all the forces acting on it. Don’t confuse the forces acting on a object with
the forces exerted by that object on some other object. For example, to analyze a per-
son walking, you would include in 2 F the force that the ground exerts on the person
as he walks, but not the force that the person exerts on the ground (Fig. 4.27). These
forces form an action—reaction pair and are related by Newton’s third law, but only
the member of the pair that acts on the object you’re working with goes into 2 F.

3. Free-body diagrams are essential to help identify the relevant forces. A free-body
diagram shows the chosen object by itself, “free” of its surroundings, with vectors
drawn to show the magnitudes and directions of all the forces that act on the object.
(Here “body” is another word for “object.””) We've shown free-body diagrams in
Figs. 4.17, 4.18, 4.19, and 4.24a. Be careful to include all the forces acting on the object,
but be equally careful not to include any forces that the object exerts on any other object.
In particular, the two forces in an action—reaction pair must never appear in the same
free-body diagram because they never act on the same object. Furthermore, never
include forces that a object exerts on itself, since these can’t affect the object’s motion.

When a problem involves more than one object, you have to take the problem apart and
draw a separate free-body diagram for each object. For example, Fig. 4.25¢c shows a sepa-
rate free-body diagram for the rope in the case in which the rope is considered massless
(so that no gravitational force acts on it). Figure 4.26 also shows diagrams for the block
and the mason, but these are not complete free-body diagrams because they don’t show all
the forces acting on each object. (We left out the vertical forces—the weight force exerted
by the earth and the upward normal force exerted by the floor.)

In Fig. 4.28 (next page) we present three real-life situations and the corresponding
complete free-body diagrams. Note that in each situation a person exerts a force on some-
thing in his or her surroundings, but the force that shows up in the person’s free-body
diagram is the surroundings pushing back on the person.

CAUTION Forces in free-body diagrams For a free-body diagram to be complete, you must be
able to answer this question for each force: What other object is applying this force? If you can’t
answer that question, you may be dealing with a nonexistent force. Avoid nonexistent forces such as
“the force of acceleration” or “the mad force,” discussed in Section 4.3.

TEST YOUR UNDERSTANDING OF SECTION 4.6 The buoyancy force shown in Fig. 4.28c is one
half of an action—reaction pair. What force is the other half of this pair? (i) The weight of the swim-
mer; (i) the forward thrust force; (iii) the backward drag force; (iv) the downward force that the swim-
mer exerts on the water; (v) the backward force that the swimmer exerts on the water by kicking.
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Figure 4.27 The simple act of walking
depends crucially on Newton’s third

law. To start moving forward, you push
backward on the ground with your foot.
As a reaction, the ground pushes forward
on your foot (and hence on your body

as a whole) with a force of the same
magnitude. This external force provided
by the ground is what accelerates your
body forward.
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Figure 4.28 Examples of free-body diagrams. Each free-body diagram shows all of the external forces that act
on the object in question.

(a) (b)

S|

To jump up, this
player is pushing
down against the
floor, increasing
the upward reaction
force 1 of the floor

(=

! Fblock on runner
s

=> F.X .
w ‘ w on him.
The force of the starting block 4
on the runner has a vertical ."
component that counteracts her : . w
: . This player is a \
weight and a large horizontal A .
freely falling object.

component that accelerates her.

.~ The water exerts a buoyancy force that
¥ counters the swimmer’s weight.
F, buoyancy

.

'.x" F lhruT /7 dra,
Kicking causes the water to
exert a forward reaction force,
or thrust, on the swimmer.

Thrust is countered by drag
W’ forces exerted by the water
on the moving swimmer.

SUMMARY "

Force as a vector: Force is a quantitative measure of the R=SF=F+h+F+-- (4.1
interaction between two objects. It is a vector quantity.

When several external forces act on an object, the effect

on its motion is the same as if a single force, equal to the

vector sum (resultant) of the forces, acts on the object.

(See Example 4.1.)

The net external force on an object and Newton’s first law: SF = (4.3) _y = constant
Newton’s first law states that when the vector sum of all _>O<_
external forces acting on a object (the net external force) is F, F,=-F,

zero, the object is in equilibrium and has zero acceleration.
If the object is initially at rest, it remains at rest; if it is ini-
tially in motion, it continues to move with constant velocity.
This law is valid in inertial frames of reference only. (See
Examples 4.2 and 4.3.)




Mass, acceleration, and Newton’s second law: The inertial
properties of an object are characterized by its mass. Newton’s
second law states that the acceleration of an object under the

action of a given set of external forces is directly proportional i

to the vector sum of the forces (the net force) and inversely
proportional to the mass of the object. Like Newton’s first
law, this law is valid in inertial frames of reference only. In SI
units, the unit of force is the newton (N), equal to 1 kg - m/! 2.
(See Examples 4.4 and 4.5.)

SF = ma

>F, = ma,
= ma, (4.7)
2F, = ma,
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(4.6)

Weight: The weight w of an object is the gravitational force
exerted on it by the earth. Weight is a vector quantity. The
magnitude of the weight of an object at any specific location
is equal to the product of its mass m and the magnitude of
the acceleration due to gravity g at that location. The weight
of an object depends on its location; its mass does not. (See
Examples 4.6 and 4.7.)

w = mg

(4.8)

Newton’s third law and action-reaction pairs: Newton’s
third law states that when two objects interact, they exert
forces on each other that are equal in magnitude and
opposite in direction. These forces are called action and
reaction forces. Each of these two forces acts on only
one of the two objects; they never act on the same object.
(See Examples 4.8—4.11.)

- -
Frong= —Fgona

(4.10) B
/

GUIDED PRACTICE

For assigned homework and other learning materials, go to Mastering Physics. E%! L

Chapter 4 Media Assets OO

KEY EXAMPLE VARIATION PROBLEMS

Be sure to review EXAMPLE 4.1 (Section 4.1) before attempting these
problems.

VP4.1.1 Three professional wrestlers are fighting over a champion’s
belt, and each exerts a force on the belt. Wrestler 1 exerts a force
F, = 40.0 N in the +x-direction, wrestler 2 exerts a force F, = 80.0 N
in the —y-direction, and wrestler 3 exerts a force F3 = 60.0 N at an
angle of 36.9° counterclockwise from the +x-direction. Find the x-
and y-components of the net external force on the belt, and find the
force’s magnitude and direction. ~

VP4.1.2 Three forces act on a statue. Force F (magnitude 45.0 N) points
in the +x-direction, force F, (magnitude 105 N) points in the +y-direction,
and force F5 (magnitude 235 N) is at an angle of 36.9° from the —x-direction
and 53.1° from the +y-direction. Find the x- and y-components of the net
external force on the statue, and find the force’s magnitude and direction.
VP4.1.3 An eagle descends steeply onto its prey. Its weight (the
gravitational force on the eagle), of magnitude 60.0 N, points down-
ward in the —y-direction. The lift force exerted on the eagle’s wings
by the air, also of magnitude 60.0 N, is at an angle of 20.0° from

the vertical (the +y-direction) and 70.0° from the +x-direction. The
drag force (air resistance) exerted on the eagle by the air has mag-
nitude 15.0 N and is at an angle of 20.0° from the —x-direction and
70.0° from the +y-direction. Find the x- and y-components of the
net external force on the eagle, and find the force’s magnitude and
direction.

VP4.1.4 A box containing pizza sits on a table. Ernesto, who sits
due east of the pizza box, pulls the box toward him with a force of
35.0 N. Kamala, who sits due north of the pizza box, pulls the box
toward her with a 50.0 N force. Tsuroku also sits at the table and
pulls the box toward her so that the net external force on the box
is 24.0 N in a direction 30.0° south of west. Take the +x-direction
to be due east and the +y-direction to be due north. Find the x- and
y-components of the force that Tsuroku exerts, and find the force’s
magnitude and direction.

Be sure to review EXAMPLE 4.4 (Section 4.3) before attempting these
problems.

VP4.4.1 A box of books with mass 55 kg rests on the level floor of the
campus bookstore. The floor is freshly waxed and has negligible friction.
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A bookstore worker applies a constant horizontal force with magnitude
25 N to the box. What is the magnitude of the acceleration of the box?
VP4.4.2 A block of cheese of mass 2.0 kg sits on a freshly waxed,
essentially frictionless table. You apply a constant horizontal force of
0.50 N to the cheese. (a) Name the three external forces that act on the
cheese and what exerts each force. (b) What is the magnitude of the
acceleration of the cheese?

VP4.4.3 In a game of ice hockey, you use a hockey stick to hit a puck of
mass 0.16 kg that slides on essentially frictionless ice. During the hit you
exert a constant horizontal force on the puck that gives it an acceleration of
75 m/s” for a fraction of a second. (a) During the hit, what is the magnitude
of the horizontal force that you exert on the puck? (b) How does the magni-
tude of the normal force due to the ice compare to the weight of the puck?
VP4.4.4 A plate of cafeteria food is on a horizontal table. You push it
away from you with a constant horizontal force of 14.0 N. The plate has a
mass of 0.800 kg, and during the push it has an acceleration of 12.0 m/s
in the direction you are pushing it. (a) What is the magnitude of the net exter-
nal force on the plate during the push? (b) What are the magnitude and direc-
tion of the friction force that the table exerts on the plate during the push?

Be sure to review EXAMPLE 4.5 (Section 4.3) before attempting these
problems.

VP4.5.1 On a winter day a child of mass 20.0 kg slides on a horizontal
footpath covered in ice. Initially she is moving at 3.00 m/s, but due to

BRIDGING PROBLEM Links in a Chain

friction she comes to a halt in 2.25 m. What is the magnitude of the con-
stant friction force that acts on her as she slides?

VP4.5.2 Anairlinerofmass 1.70 X 10°kglandsataspeedof75.0m/s.
As it travels along the runway, the combined effects of air resistance,
friction from the tires, and reverse thrust from the engines produce
a constant force of 2.90 X 10° N opposite to the airliner’s motion.
What distance along the runway does the airliner travel before
coming to a halt?

VP4.5.3 A truck of mass 2.40 X 10° kg is moving at 25.0 m/s. When
the driver applies the brakes, the truck comes a stop after traveling 48.0 m.
(a) How much time is required for the truck to stop? (b) What is the
magnitude of the truck’s constant acceleration as it slows down?
(c) What is the magnitude of the constant braking force that acts on the
truck as it slows down?

VP4.5.4 A car of mass 1.15 X 10° kg is stalled on a horizontal road.
You and your friends give the car a constant, forward, horizontal
push. There is friction between the car and the road. (a) Name the
four external forces that act on the car as you and your friends push it
and what exerts each force. (You can regard the combined push from
you and your friends as a single force.) (b) The combined force that
you and your friends exert has magnitude 8.00 X 10 N, and starting
from rest the car reaches a speed of 1.40 m/s after you have pushed
it 5.00 m. Find the magnitude of the constant friction force that acts
on the car.

A student suspends a chain consisting of three links, each of mass
m = 0.250 kg, from a light rope. The rope is attached to the top link
of the chain, which does not swing. She pulls upward on the rope,
so that the rope applies an upward force of 9.00 N to the chain. (a)
Draw a free-body diagram for the entire chain, considered as an ob-
ject, and one for each of the three links. (b) Use the diagrams of
part (a) and Newton’s laws to find (i) the acceleration of the chain,
(ii) the force exerted by the top link on the middle link, and (iii) the
force exerted by the middle link on the bottom link. Treat the rope
as massless.

SOLUTION GUIDE

IDENTIFY and SET UP

1. There are four objects of interest in this problem: the chain
as a whole and the three individual links. For each of these
four objects, make a list of the external forces that act
on it. Besides the force of gravity, your list should include
only forces exerted by other objects that touch the object in
question.

2. Some of the forces in your lists form action-reaction pairs
(one pair is the force of the top link on the middle link and
the force of the middle link on the top link). Identify all such
pairs.

3. Use your lists to help you draw a free-body diagram for each of
the four objects. Choose the coordinate axes.

4. Use your lists to decide how many unknowns there are in this
problem. Which of these are target variables?

EXECUTE

5. Write a Newton’s second law equation for each of the four ob-
jects, and write a Newton’s third law equation for each action—
reaction pair. You should have at least as many equations as
there are unknowns (see step 4). Do you?

6. Solve the equations for the target variables.

EVALUATE

7. You can check your results by substituting them back into the
equations from step 5. This is especially important to do if
you ended up with more equations in step 5 than you used in
step 6.

8. Rank the force of the rope on the chain, the force of the top link
on the middle link, and the force of the middle link on the bot-
tom link in order from smallest to largest magnitude. Does this
ranking make sense? Explain.

9. Repeat the problem for the case in which the upward force that
the rope exerts on the chain is only 7.35 N. Is the ranking in
step 8 the same? Does this make sense?
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e, oo eoe: Difficulty levels. CP: Cumulative problems incorporating material from earlier chapters. CALC: Problems requiring calculus.
DATA: Problems involving real data, scientific evidence, experimental design, and/or statistical reasoning. BI0: Biosciences problems.

DISCUSSION QUESTIONS

Q4.1 Can an object be in equilibrium when only one force acts on it?
Explain.

Q4.2 A ball thrown straight up has zero velocity at its highest point. Is
the ball in equilibrium at this point? Why or why not?

Q4.3 A helium balloon hovers in midair, neither ascending nor de-
scending. Is it in equilibrium? What forces act on it?

Q4.4 When you fly in an airplane at night in smooth air, you have no
sensation of motion, even though the plane may be moving at 800 km/h.
Why?

Q4.5 If the two ends of a rope in equilibrium are pulled with forces of
equal magnitude and opposite directions, why isn’t the total tension in
the rope zero?

Q4.6 You tie a brick to the end of a rope and whirl the brick around you
in a horizontal circle. Describe the path of the brick after you suddenly
let go of the rope.

Q4.7 When a car stops suddenly, the passengers tend to move forward
relative to their seats. Why? When a car makes a sharp turn, the passen-
gers tend to slide to one side of the car. Why?

Q4.8 Some people say that the “force of inertia” (or “force of momen-
tum”) throws the passengers forward when a car brakes sharply. What is
wrong with this explanation?

Q4.9 A passenger in a moving bus with no windows notices that a ball
that has been at rest in the aisle suddenly starts to move toward the rear
of the bus. Think of two possible explanations, and devise a way to de-
cide which is correct.

Q4.10 Suppose you chose the fundamental physical quantities to be
force, length, and time instead of mass, length, and time. What would
be the units of mass in terms of those fundamental quantities?

Q4.11 Why is the earth only approximately an inertial reference frame?
Q4.12 Does Newton’s second law hold true for an observer in a van as
it speeds up, slows down, or rounds a corner? Explain.

Q4.13 Some students refer to the quantity ma as “the force of accelera-
tion.” Is it correct to refer to this quantity as a force? If so, what exerts
this force? If not, what is a better description of this quantity?

Q4.14 The acceleration of a falling object is measured in a lift that is trav-
eling upward at a constant speed of 9.8 m/s. What value is obtained?
Q4.15 You can play catch with a softball in a bus moving with con-
stant speed on a straight road, just as though the bus were at rest. Is this
still possible when the bus is making a turn at constant speed on a level
road? Why or why not?

Q4.16 Students sometimes say that the force of gravity on an object is
9.8 m/s?. What is wrong with this view?

Q4.17 Why can it hurt your foot more to kick a big rock than a small
pebble? Must the big rock hurt more? Explain.

Q4.18 “It’s not the fall that hurts you; it’s the sudden stop at the bot-
tom.” Translate this saying into the language of Newton’s laws of
motion.

Q4.19 A person can dive into water from a height of 10 m without
injury, but a person who jumps off the roof of a 10-m-tall building and
lands on a concrete street is likely to be seriously injured. Why is there
a difference?

Q4.20 Why are cars designed to crumple in front and back for safety?
Why not for side collisions and rollovers?

Q4.21 When a string barely strong enough lifts a heavy weight, it can
lift the weight by a steady pull; but if you jerk the string, it will break.
Explain in terms of Newton’s laws of motion.

04.22 A large crate is suspended from the end of a vertical rope. Is the
tension in the rope greater when the crate is at rest or when it is moving
upward at constant speed? If the crate is traveling upward, is the tension
in the rope greater when the crate is speeding up or when it is slowing
down? In each case, explain in terms of Newton’s laws of motion.
Q4.23 Which feels a greater pull due to the earth’s gravity: a 10 kg
stone or a 20 kg stone? If you drop the two stones, why doesn’t the 20 kg
stone fall with twice the acceleration of the 10 kg stone? Explain.
Q4.24 A horse is hitched to a wagon. Since the wagon pulls back on
the horse just as hard as the horse pulls on the wagon, why doesn’t the
wagon remain in equilibrium, no matter how hard the horse pulls?
Q4.25 True or false? You exert a push P on an object and it pushes
back on you with a force F. If the object is moving at constant velocity,
then F is equal to P, but if the object is being accelerated, then P must
be greater than F.

Q4.26 A large truck and a small compact car have a head-on collision.
During the collision, the truck exerts a force Fry , ¢ on the car, and the
car exerts a force i’c on T ON the truck. Which force has the larger magni-
tude, or are they the same? Does your answer depend on how fast each
vehicle was moving before the collision? Why or why not?

Q4.27 When a car comes to a stop on a level road, what force causes it
to slow down? When the car increases its speed on the same road, what
force causes it to speed up? Explain.

Q4.28 A small compact car is pushing a large van that has broken
down, and they travel along the road with equal velocities and accel-
erations. While the car is speeding up, is the force it exerts on the van
larger than, smaller than, or the same magnitude as the force the van
exerts on it? Which vehicle has the larger net force on it, or are the net
forces the same? Explain.

Q4.29 Consider a tug-of-war between two people who pull in opposite
directions on the ends of a rope. By Newton’s third law, the force that
A exerts on B is just as great as the force that B exerts on A. So what
determines who wins? (Hint: Draw a free-body diagram showing all the
forces that act on each person.)

Q4.30 Boxes A and B are in contact ~ Figure Q4.31

on a horizontal, frictionless surface.

You push on box A with a horizon- 100 N

tal 100 N force (Fig. Q4.31). Box A — A

weighs 150 N, and box B weighs 50 4 2

N. Is the force that box A exerts on

box B equal to 100 N, greater than 100 N, or less than 100 N? Explain.
Q4.31 A manual for student pilots contains this passage: “When an
airplane flies at a steady altitude, neither climbing nor descending,
the upward lift force from the wings equals the plane’s weight. When
the plane is climbing at a steady rate, the upward lift is greater than the
weight; when the plane is descending at a steady rate, the upward lift is
less than the weight.” Are these statements correct? Explain.

Q4.32 If your hands are wet and no towel is handy, you can remove
some of the excess water by shaking them. Why does this work?

Q4.33 If you squat down (such as when you examine the books on a bot-
tom shelf) and then suddenly get up, you may temporarily feel light-headed.
What do Newton’s laws of motion have to say about why this happens?
Q4.34 When a car is hit from behind, the occupants may experience
whiplash. Use Newton’s laws of motion to explain what causes this result.
Q4.35 In a head-on auto collision, passengers who are not wearing seat
belts may be thrown through the windshield. Use Newton’s laws of mo-
tion to explain why this happens.
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Q4.36 In a head-on collision between a compact 1000 kg car and a
large 2500 kg car, which one experiences the greater force? Explain.
Which one experiences the greater acceleration? Explain why. Why are
passengers in the small car more likely to be injured than those in the
large car, even when the two car bodies are equally strong?

Q4.37 Suppose you are in a rocket with no windows, traveling in deep
space far from other objects. Without looking outside the rocket or mak-
ing any contact with the outside world, explain how you could deter-
mine whether the rocket is (a) moving forward at a constant 80% of the
speed of light and (b) accelerating in the forward direction.

EXERCISES

Section 4.1 Force and Interactions

4.1 ee Two dogs pull horizontally on ropes attached to a post; the
angle between the ropes is 51.0°. If Rover exerts a force of 288 N and
Fido exerts a force of 324 N, find the magnitude of the resultant force
and the angle it makes with Rover’s rope.

4.2 o To extricate an SUV stuck in the mud, workmen use three
horizontal ropes, producing the force vectors shown in Fig. E4.2. (a)
Find the x- and y-components of each of the three pulls. (b) Use the
components to find the magnitude and direction of the resultant of
the three pulls.

Figure E4.2 y
788 N
32° 985 N
31° .
53°
411N
4.3 » BIO Jaw Injury. Due to a jaw Figure E4.3

injury, a patient must wear a strap (Fig.
E4.3) that produces a net upward force
of 5.00 N on his chin. The tension is the
same throughout the strap. To what ten-
sion must the strap be adjusted to provide
the necessary upward force?

4.4 o A man is dragging a trunk up the
loading ramp of a mover’s truck. The
ramp has a slope angle of 20.0°, and
the man pulls upward with a force F
whose direction makes an angle of 30.0°
with the ramp (Fig. E4.4). (a) How large a force Fis necessary for the
component F, parallel to the ramp to be 90.0 N? (b) How large will the
component F, perpendicular to the ramp be then?

Figure E4.4

4.5 o Forces IT] and ﬁz act at a point. The magnitude of i‘l is
8.00 N, and its direction is 64.0° above the x-axis in the second quad-
rant. The magnitude of 1772 is 5.40 N, and its direction is 53.9° below the
x-axis in the third quadrant. (a) What are the x- and y-components of
the resultant force? (b) What is the magnitude of the resultant force?

Section 4.3 Newton’s Second Law
4.6 » An electron (mass = 9.11 X 1072 kg) leaves one end of a
TV picture tube with zero initial speed and travels in a straight line to
the accelerating grid, which is 1.80 cm away. It reaches the grid with a
speed of 3.00 X 10® m/s. If the accelerating force is constant, compute
(a) the acceleration; (b) the time to reach the grid; and (c) the net force,
in newtons. Ignore the gravitational force on the electron.
4.7 ee A 68.5 kg skater moving initially at 2.40 m/s on rough hori-
zontal ice comes to rest uniformly in 3.52 s due to friction from the ice.
What force does friction exert on the skater?
4.8 ee You walk into a lift, step onto a scale, and push the “up” button.
You recall that your normal weight is 655 N. Draw a free-body diagram.
(a) When the lift has an upward acceleration of magnitude 2.46 m/s’,
what does the scale read? (b) If you hold a 3.65-kg package by a light
vertical string, what will be the tension in this string when the lift ac-
celerates as in part (a)?
4.9 e A box rests on a frozen pond, which serves as a friction-
less horizontal surface. If a fisherman applies a horizontal force
with magnitude 50.0 N to the box and produces an acceleration of mag-
nitude 3.60 m/s®, what is the mass of the box?
4.10 ee A dockworker applies a constant horizontal force of 8§0.0 N to
a block of ice on a smooth horizontal floor. The frictional force is negli-
gible. The block starts from rest and moves 11.0 m in 5.00 s. (a) What is
the mass of the block of ice? (b) If the worker stops pushing at the end
of 5.00 s, how far does the block move in the next 5.00 s?
4.11 o A hockey puck with mass 0.160 kg is at rest at the origin
(x = 0) on the horizontal, frictionless surface of the rink. At time ¢ = 0
a player applies a force of 0.250 N to the puck, parallel to the x-axis; she
continues to apply this force until £ = 2.00 s. (a) What are the position
and speed of the puck at = 2.00 s? (b) If the same force is again applied
att = 5.00 s, what are the position and speed of the puck att = 7.00 s?
4.12 e A crate with mass 32.0 kg initially at rest on a warehouse floor
is acted on by a net horizontal force of 140 N. (a) What acceleration is
produced? (b) How far does the crate travel in 13.0 s? (c) What is its
speed at the end of 13.0 s?
4.13 © A 450 kg experimental
cart undergoes an acceleration in
: ; : ay (m/s?)
a straight line (the x-axis). The x
graph in Fig. E4.13 shows this 100~~~

Figure E4.13

| |
acceleration as a function of 5.0 } }
time. (a) Find the maximum net | | i)
force on this cart. When does this 0 20 40 6.0

maximum force occur? (b) During
what times is the net force on the
cart a constant? (c) When is the
net force equal to zero?

4.14 o A 3.89-kg cat moves in
a straight line (the x-axis). Figure
E4.14 shows a graph of the
x-component of this cat’s velocity
as a function of time. (a) Find
the maximum net force on this
cat. When does this force occur?
(b) When is the net force on the cat
equal to zero? (c) What is the net
force at time 8.5 s?

Figure E4.14
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4.15 A small 5.00 kg rocket burns fuel that exerts a time-
varying upward force on the rocket (assume constant mass) as
the rocket moves upward from the launch pad. This force obeys
the equation F = A + Br*. Measurements show that at ¢ = 0, the
force is 130.0 N, and at the end of the first 2.00 s, it is 152.0 N.
(a) Find the constants A and B, including their SI units. (b) Find the net
force on this rocket and its acceleration (i) the instant after the fuel ig-
nites and (i) 3.50 s after the fuel ignites. (c) Suppose that you were
using this rocket in outer space, far from all gravity. What would its ac-
celeration be 3.50 s after fuel ignition?

Section 4.4 Mass and Weight

4.16 ¢ An astronaut’s pack weighs 17.4 N when she is on the earth
but only 3.95 N when she is at the surface of a moon. (a) What is the
acceleration due to gravity on this moon? (b) What is the mass of the
pack on this moon?

4.17 e Superman throws a 1650 N boulder at an adversary. What hori-
zontal force must Superman apply to the boulder to give it a horizontal
acceleration of 13.6 m/s>?

4.18 e BIO (a) An ordinary flea has a mass of 215 ug. How many
newtons does it weigh? (b) The mass of a typical froghopper is 12.3
mg. How many newtons does it weigh? (c) A house cat typically
weighs 43 N. What is its mass in kilograms?

4.19 e At the surface of Jupiter’s moon lo, the acceleration due to grav-
ity is g = 1.81 m/s’. A watermelon weighs 48.0 N at the surface of the
earth. (a) What is the watermelon’s mass on the earth’s surface? (b) What
would be its mass and weight on the surface of o?

Section 4.5 Newton’s Third Law

4.20 e Estimate the mass in kilograms and the weight of a typical
sumo wrestler. How do your estimates for the wrestler compare to your
estimates of the average mass and weight of the students in your physics
class? Do a web search if necessary to help make the estimates. In your
solution list what values you assume for the quantities you use in mak-
ing your estimates.

4.21 * BIO World-class sprinters can accelerate out of the starting
blocks with an acceleration that is nearly horizontal and has magnitude
15 m/s>. How much horizontal force must a 45 kg sprinter exert on the
starting blocks to produce this acceleration? Which body exerts the
force that propels the sprinter: the blocks or the sprinter herself?

4.22 o A small car of mass 500 kg is pushing a large truck of mass
920 kg due east on a level road. The car exerts a horizontal force of
1490 N on the truck. What is the magnitude of the force that the truck
exerts on the car?

4.23 o» Boxes A and B are in  Figure E4.23
contact on a horizontal, frictionless
surface (Fig. E4.23). Box A has
250N
mass 25.0 kg and box B has mass — A
8.0 kg. A horizontal force of 100 N ‘ B

is exerted on box A. What is the
magnitude of the force that box A
exerts on box B?

4.24 ee The upward normal force exerted by the floor is 620 N on a
lift passenger who weighs 650 N. What are the reaction forces to these
two forces? Is the passenger accelerating? If so, what are the magnitude
and direction of the acceleration?

4.25 ee A student of mass 45 kg jumps off a high diving board. What
is the acceleration of the earth toward her as she accelerates toward the
earth with an acceleration of 9.8 m/ $22 Use 6.0 X 10%* kg for the mass
of the earth, and assume that the net force on the earth is the force of
gravity she exerts on it.
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Section 4.6 Free-Body Diagrams
4.26 *°You pull horizontally
on block B in Fig. E4.26, caus-
ing both blocks to move together A
as a unit. For this moving system,
make a carefully labeled free-
body diagram of block A if (a) the
table is frictionless and (b) there is
friction between block B and the table and the pull is equal in magni-
tude to the friction force on block B due to the table.

4.27 ee Crates A and B sit at rest side by side on a frictionless hori-
zontal surface. They have masses m, and my, respectively. When a hori-
zontal force F is applied to crate A, the two crates move off to the right.
(a) Draw clearly labeled free-body diagrams for crate A and for crate
B. Indicate which pairs of forces, if any, are third-law action—reaction
pairs. (b) If the magnitude of F is less than the total weight of the two
crates, will it cause the crates to move? Explain.

4.28 oo CP A .22 caliber rifle bullet traveling at 350 m/s strikes a
large tree and penetrates it to a depth of 0.130 m. The mass of the bul-
let is 1.80 g. Assume a constant retarding force. (a) How much time is
required for the bullet to stop? (b) What force, in newtons, does the tree
exert on the bullet?

4.29 e A ball is hanging from a long string that is tied to the ceiling
of a train car traveling eastward on horizontal tracks. An observer in-
side the train car sees the ball hang motionless. Draw a clearly labeled
free-body diagram for the ball if (a) the train has a uniform velocity and
(b) the train is speeding up uniformly. Is the net force on the ball zero in
either case? Explain.

4.30 ee A chair of mass 13.5 kg is sitting on the horizontal floor; the
floor is not frictionless. You push on the chair with a force F = 35.0 N
that is directed at an angle of 38.0° below the horizontal, and the chair
slides along the floor. (a) Draw a clearly labeled free-body diagram for
the chair. (b) Use your diagram and Newton’s laws to calculate the nor-
mal force that the floor exerts on the chair.

Figure E4.26

B Pull

Horizontal table

PROBLEMS

4.31 ee CP Estimate the average force that a major-league pitcher
exerts on the baseball when he throws a fastball. In your solution, list
the quantities for which you estimate values and any assumptions you
make. Do a web search to help determine the values you use in making
your estimates.

4.32 ee CP You have just landed on Planet X. You release a 100 g ball
from rest from a height of 13.5 m and measure that it takes 2.10 s to
reach the ground. Ignore any force on the ball from the atmosphere of the
planet. How much does the 100 g ball weigh on the surface of Planet X?
4.33 ee CP A 4.40 kg bucket of water is accelerated upward by a cord
of negligible mass whose breaking strength is 74.0 N. If the bucket starts
from rest, what is the minimum time required to raise the bucket a verti-
cal distance of 14.0 m without breaking the cord?

4.34 ee Block A rests on top of block B as shown in Fig. E4.26. The
table is frictionless but there is friction (a horizontal force) between
blocks A and B. Block B has mass 6.00 kg and block A has mass 2.00 kg.
If the horizontal pull applied to block B equals 12.0 N, then block B has
an acceleration of 1.80 m/s”. What is the acceleration of block A?

4.35 e Two adults and a child want to push a wheeled cart in the di-
rection marked x in Fig. P4.35 (next page). The two adults push with
horizontal forces F. 1 and Fz as shown. (a) Find the magnitude and direc-
tion of the smallest force that the child should exert. Ignore the effects
of friction. (b) If the child exerts the minimum force found in part (a),
the cart accelerates at 2.0 m/s” in the -+x-direction. What is the weight
of the cart?
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Figure P4.35 @
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4.36 eee CP An advertisement claims that a particular automobile
can “stop on a dime.” What net force would be necessary to stop a 840-
kg automobile traveling initially at 37.0 km/h in a distance equal to the
diameter of a dime, 1.8 cm?

4.37 o Two crates, one with mass 4.00 kg and the other with mass
6.00 kg, sit on the frictionless surface of a frozen pond, connected by a light
rope (Fig. P4.37). A woman wearing golf shoes (for traction) pulls horizon-
tally on the 6.00 kg crate with a force F that gives the crate an acceleration
of 2.90 m/s’. (a) What is the acceleration of the 4.00 kg crate? (b) Draw a
free-body diagram for the 4.00 kg crate. Use that diagram and Newton’s
second law to find the tension 7 in the rope that connects the two crates.
(c) Draw a free-body diagram for the 6.00 kg crate. What is the direction
of the net force on the 6.00 kg crate? Which is larger in magnitude, 7 or F?
(d) Use part (c) and Newton’s second law to calculate the magnitude of F.

FIGURE P4.37 6.00 kg
4.00 kg - P

4.38 ee CP Two blocks connected by a light horizontal rope sit at rest
on a horizontal, frictionless surface. Block A has mass 15.0 kg, and
block B has mass m. A constant horizontal force F = 60.0 N is applied
to block A (Fig. P4.38). In the first 5.00 s after the force is applied,
block A moves 18.0 m to the right. (a) While the blocks are moving,
what is the tension 7 in the rope that connects the two blocks? (b) What
is the mass of block B?

Figure P4.38
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4.39 o CALC To study damage to aircraft that collide with large
birds, you design a test gun that will accelerate chicken-sized ob-
jects so that their displacement along the gun barrel is given by
x = (9.0 X 10°m/s?)? — (8.0 X 10* m/s*)>. The object leaves
the end of the barrel at t = 0.025 s. (a) How long must the gun barrel
be? (b) What will be the speed of the objects as they leave the end of
the barrel? (c) What net force must be exerted on a 1.50 kg object at
(i)t = Oand (ii) = 0.025 s?

4.40 oo CP On a test flight a rocket with mass 400 kg blasts off from
the surface of the earth. The rocket engines apply a constant upward
force F until the rocket reaches a height of 100 m and then they shut
off. If the rocket is to reach a maximum height of 400 m above the sur-
face of the earth, what value of F is required? Assume the change in the
rocket’s mass is negligible.

4.41 ee CP After an annual checkup, you leave your physician’s of-
fice, where you weighed 683 N. You then get into a lift that, conve-
niently, has a scale. Find the magnitude and direction of the lift’s
acceleration if the scale reads (a) 725 N and (b) 595 N.

4.42 o Aloaded lift with very worn cables has a total mass of 2100 kg,
and the cables can withstand a maximum tension of 29,000 N. (a) Draw
the free-body force diagram for the lift. In terms of the forces on your
diagram, what is the net force on the lift? Apply Newton’s second law
to the lift and find the maximum upward acceleration for the lift if the
cables are not to break. (b) What would be the answer to part (a) if the
lift were on the moon, where g = 1.62 m/s>?

4.43 ee CP A batter swings at a baseball (mass 0.145 kg) that is mov-
ing horizontally toward him at a speed of 40.0 m/s. He hits the ball in
such a way that it moves away from him horizontally at 50.0 m/s just
after it leaves the bat. If the bat and ball are in contact for 8.00 ms, what
is the average force that the bat applies to the ball?

4.44 ee CP CALC An object with mass m is moving along the x-axis
according to the equation x(¢) = at> — 2f3t, where o and 3 are positive
constants. What is the magnitude of the net force on the object at time
t =07

4.45 ee CP Boxes A and B are connected to each end
of a light vertical rope (Fig. P4.45). A constant upward
force F' = 80.0 N is applied to box A. Starting from
rest, box B descends 12.0 m in 4.00 s. The tension in
the rope connecting the two boxes is 36.0 N. What are [Aj
the masses of (a) box B, (b) box A?

4.46 ee The two blocks in Fig. P4.46 are connected

by a heavy uniform rope with a mass of 4.00 kg. An up- E
ward force of 200 N is applied as shown. (a) Draw three

free-body diagrams: one for the 6.00 kg block, one for

the 4.00 kg rope, and another one for the 5.00 kg block. For each force,
indicate what object exerts that force. (b) What is the acceleration of the
system? (c) What is the tension at the top of the heavy rope? (d) What is
the tension at the midpoint of the rope?

Figure P4.45

F

Figure P4.46
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4.47 eee CP A small rocket with mass 20.0 kg is moving in free fall
toward the earth. Air resistance can be neglected. When the rocket is
80.0 m above the surface of the earth, it is moving downward with a
speed of 30.0 m/s. At that instant the rocket engines start to fire and pro-
duce a constant upward force F on the rocket. Assume the change in the
rocket’s mass is negligible. What is the value of F if the rocket’s speed
becomes zero just as it reaches the surface of the earth, for a soft land-
ing? (Hint: The net force on the rocket is the combination of the upward
force F from the engines and the downward weight of the rocket.)

4.48 ee CP Extraterrestrial Physics. You have landed on an un-
known planet, Newtonia, and want to know what objects weigh there.
When you push a certain tool, starting from rest, on a frictionless hori-
zontal surface with a 12.0 N force, the tool moves 16.0 m in the first
2.00 s. You next observe that if you release this tool from rest at 10.0 m
above the ground, it takes 2.58 s to reach the ground. What does the tool
weigh on Newtonia, and what does it weigh on earth?



4.49 ee CP CALC A mysterious rocket-propelled object of mass
49.5 kg is initially at rest in the middle of the horizontal, frictionless
surface of an ice-covered lake. Then a force directed east and with mag-
nitude F(¢) = (15.5 N/s)t is applied. How far does the object travel in
the first 4.25 s after the force is applied?

4.50 ee CP Starting at time ¢ = 0, net force F} is applied to an object
that is initially at rest. (a) If the force remains constant with magnitude
F} while the object moves a distance d, the final speed of the object is v;.
What is the final speed v, (in terms of v;) if the net force is F, = 2F;
and the object moves the same distance d while the force is being ap-
plied? (b) If the force F| remains constant while it is applied for a time
T, the final speed of the object is v;. What is the final speed v, (in terms
of vy) if the applied force is F, = 2F; and is constant while it is applied
for the same time 77 In a later chapter we’ll call force times distance
work and force times time impulse and associate work and impulse with
the change in speed.)

4.51 ee DATA The table* gives automobile performance data for a few
types of cars:

Time (s) to go from

Make and Model (Year) Mass (kg) 0 to 100 km/h
Alpha Romeo 4C (2013) 895 4.5
Honda Civic 2.0i (2011) 1320 6.6
Ferrari F430 (2004) 1435 4.0
Ford Focus RS500 (2010) 1468 5.6
Volvo S60 (2013) 1650 7.4

*Source: www.autosnout.com

(a) During an acceleration of 0 to 100 km/h, which car has the larg-
est average net force acting on it? The smallest? (b) During this ac-
celeration, for which car would the average net force on a 72.0 kg
passenger be the largest? The smallest? (c) When the Ferrari F430 ac-
celerates from 0 to 200 km/h in 12.2 s, what is the average net force
acting on it? How does this net force compare with the average net
force during the acceleration from 0 to 100 km/h? Explain why these
average net forces might differ. (d) Discuss why a car has a top speed.
What is the net force on the Ferrari F430 when it is traveling at its top
speed, 315.4 km/h?

4.52 eee CALC The position of a training helicopter (weight
275 X 10°N) in a test is given by 7= (0.020m/s’)r’i +
(2.2 m/s)1j — (0.060 m/s*)¢%*. Find the net force on the helicopter at
t=50s.

4.53 oo DATA You are a Starfleet captain going boldly where no one
has gone before. You land on a distant planet and visit an engineering
testing lab. In one experiment a short, light rope is attached to the top of
a block and a constant upward force F is applied to the free end of the
rope. The block has mass m and is initially at rest. As F is varied, the
time for the block to move upward 8.00 m is measured. The values that
you collected are given in the table:

F (N) Time (s)

250 33
300 22
350 1.7
400 1.5
450 1.3
500 1.2

Problems 155

(a) Plot F versus the acceleration a of the block. (b) Use your graph to
determine the mass m of the block and the acceleration of gravity g at
the surface of the planet. Note that even on that planet, measured values
contain some experimental error.

4.54 oo DATA An 8.00 kg box sits on a level floor. You give the box
a sharp push and find that it travels 8.22 m in 2.8 s before coming to
rest again. (a) You measure that with a different push the box traveled
4.20 m in 2.0 s. Do you think the box has a constant acceleration as it
slows down? Explain your reasoning. (b) You add books to the box to
increase its mass. Repeating the experiment, you give the box a push
and measure how long it takes the box to come to rest and how far the
box travels. The results, including the initial experiment with no added
mass, are given in the table:

Added Mass (kg) Distance (m) Time (s)
0 8.22 2.8
3.00 10.75 32
7.00 9.45 3.0

12.0 7.10 2.6

In each case, did your push give the box the same initial speed? What is
the ratio between the greatest initial speed and the smallest initial speed
for these four cases? (c) Is the average horizontal force f exerted on the
box by the floor the same in each case? Graph the magnitude of force f
versus the total mass m of the box plus its contents, and use your graph
to determine an equation for fas a function of m.

CHALLENGE PROBLEMS

4.55 eee CP CALC A block of mass 2.00 kg is initially at rest at x = 0
on a slippery horizontal surface for which there is no friction. Starting
at time ¢ = 0, a horizontal force Fi(f) = 8 — at is applied to the block,
where @ = 6.00 N/s anwd 8 = 4.00 N. (a) What is the largest positive
value of x reached by the block? How long does it take the block to
reach this point, starting from # = 0, and what is the magnitude of the
force when the block is at this value of x? (b) How long from # =0 does
it take the block to return to x = 0, and what is its speed at this point?
4.56 eee CALC An object of mass m is at rest in equilibrium at the
origin. At = 0 a new force F(t) is applied that has components

F(t) = ki + kyy Fy(t) = kst

where ki, ko, and k3 are constants. Calculate the position 7(¢) and veloc-
ity ©(¢) vectors as functions of time.

MCAT-STYLE PASSAGE PROBLEMS

BIO Forces on a Dancer’s Body. Dancers experience large forces as-
sociated with the jumps they make. For example, when a dancer lands
after a vertical jump, the force exerted on the head by the neck must
exceed the head’s weight by enough to cause the head to slow down and
come to rest. The head is about 9.4% of a typical person’s mass. Video
analysis of a 65 kg dancer landing after a vertical jump shows that her
head decelerates from 4.0 m/s to rest in a time of 0.20 s.

4.57 What is the magnitude of the average force that her neck exerts
on her head during the landing? (a) 0 N; (b) 60 N; (c) 120 N; (d) 180 N.
4.58 Compared with the force her neck exerts on her head during
the landing, the force her head exerts on her neck is (a) the same;
(b) greater; (c) smaller; (d) greater during the first half of the landing
and smaller during the second half of the landing.
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4.59 While the dancer is in the air and holding a fixed pose, what is the
magnitude of the force her neck exerts on her head? (a) 0 N; (b) 60 N;
(c) 120 N; (d) 180 N.

4.60 The forces on a dancer can be measured directly when a dancer
performs a jump on a force plate that measures the force between her
feet and the ground. A graph of force versus time throughout a vertical
jump performed on a force plate is shown in Fig. P4.60. What is hap-
pening at 0.4 s? The dancer is (a) bending her legs so that her body is
accelerating downward; (b) pushing her body up with her legs and is al-
most ready to leave the ground; (c) in the air and at the top of her jump;
(d) landing and her feet have just touched the ground.

ANSWERS

Figure P4.60
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Chapter Opening Question ?

(v) Newton’s third law tells us that the barbell pushes on the weight-
lifter just as hard as the weightlifter pushes on the barbell in all
circumstances, no matter how the barbell is moving. However, the
magnitude of the force that the weightlifter exerts is different in dif-
ferent circumstances. This force magnitude is equal to the weight of
the barbell when the barbell is stationary, moving upward at a con-
stant speed, or moving downward at a constant speed; it is greater
than the weight of the barbell when the barbell accelerates up-
ward; and it is less than the weight of the barbell when the barbell
accelerates downward. But in each case the push of the barbell on
the weightlifter has exactly the same magnitude as the push of the
weightlifter on the barbell.

Key Example \/ARIATION Problems

VP4.1.1 X F, = 88.0N, EFy = —440N, F = 984N, angle = 26.6°
clockwise from the +x-direction

VP4.1.2 3 F, = —143N, 3F, = 246N, F = 285N, angle = 120°
counterclockwise from the +x-direction

VP4.1.3 3F, = 64N, XF, = 5N, F = 6.6 N, angle = 13° counter-
clockwise from the +x-direction

VP4.1.4 FTsuroku,x = —5538 N’ FTsuroku, y =
Frouoku = 83.4 N, angle = 48.0° south of west
VP4.4.1 0.45 m/s’

VP4.4.2 (a) normal force, exerted by the floor; weight or gravitational
force, exerted by the earth; horizontal force, exerted by your hand
(b) 0.25 m/s

VP4.4.3 (a) 12 N (b) equal

VP4.4.4 (a) 9.60 N (b) 4.4 N, in the direction opposite to your push
VP4.5.1 40.0N

VP4.5.2 1.65 X 10°m

VP4.5.3 (a) 3.84 s (b) 6.51 m/s? (¢) 1.56 X 10*N

VP4.5.4 (a) gravity (the earth), normal force (the road), friction (the
road), push (you and your friends) (b) 575 N

—62.0N, magnitude

Bridging Problem

(a) See the Video Tutor Solution in Mastering Physics.
(b) (i) 2.20 m/s; (i) 6.00 N; (iii) 3.00 N



7 Each of the seeds being blown off the
e head of a dandelion (genus Taraxacum)
has a feathery structure called a pappus.
The pappus acts like a parachute and en-
ables the seed to be borne by the wind and
drift gently to the ground. If a seed with its
pappus descends straight down at a steady
speed, which force acting on the seed has
a greater magnitude? (i) The force of
gravity; (ii) the upward force exerted by
the air; (iii) both forces have the same
magnitude; (iv) it depends on the speed
at which the seed descends.

Applying Newton’s Laws

e saw in Chapter 4 that Newton’s three laws of motion, the foundation of classi-

cal mechanics, can be stated very simply. But applying these laws to situations

such as an iceboat skating across a frozen lake, a toboggan sliding down a hill, or
an airplane making a steep turn requires analytical skills and problem-solving technique.
In this chapter we’ll help you extend the problem-solving skills you began to develop in
Chapter 4.

We’ll begin with equilibrium problems, in which we analyze the forces that act on an
object that is at rest or moving with constant velocity. We’ll then consider objects that are
not in equilibrium. For these we’ll have to take account of the relationship between forces
and acceleration. We’ll learn how to describe and analyze the contact force that acts on an
object when it rests on or slides over a surface. We’ll also analyze the forces that act on an
object that moves in a circle with constant speed. We close the chapter with a brief look at
the fundamental nature of force and the classes of forces found in our physical universe.

EAD USING NEWTON’S FIRST LAW:
PARTICLES IN EQUILIBRIUM

We learned in Chapter 4 that an object is in equilibrium when it is at rest or moving with
constant velocity in an inertial frame of reference. A hanging lamp, a kitchen table, an
airplane flying straight and level at a constant speed—all are examples of objects in equi-
librium. In this section we consider only the equilibrium of an object that can be modeled
as a particle. (In Chapter 11 we’ll see how to analyze an object in equilibrium that can’t
be represented adequately as a particle, such as a bridge that’s supported at various points
along its span.) The essential physical principle is Newton’s first law:

Newton’s first law:-.... Eﬁ =0 must be zero for an

Net force on an object ... - " object in equilibrium.

Sum of x-components of force Sum of y-components of force (5.1
on object must be zero. on object must be zero.

LEARNING OUTCOMES

In this chapter, you'll learn...

5.1 How to use Newton'’s first law to solve
problems involving the forces that act on
an object in equilibrium.

5.2 How to use Newton’s second law to
solve problems involving the forces that
act on an accelerating object.

5.3 The nature of the different types of
friction forces—static friction, kinetic
friction, rolling friction, and fluid
resistance—and how to solve problems
that involve these forces.

5.4 How to solve problems involving the
forces that act on an object moving
along a circular path.

5.5 The key properties of the four funda-
mental forces of nature.

You'll need to review...

1.8 Determining the components of a vector
from its magnitude and direction.

2.4 Straight-line motion with constant
acceleration.

3.3 Projectile motion.

3.4 Uniform and nonuniform circular motion.

4.1 Superposition of forces.

4.2 Newton’s first law.

4.3 Newton’s second law.

4.4 Mass and weight.

4.5 Newton’s third law.
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158 CHAPTER 5 Applying Newton’s Laws

This section is about using Newton’s first law to solve problems dealing with objects
in equilibrium. Some of these problems may seem complicated, but remember that all
problems involving particles in equilibrium are done in the same way. Problem-Solving
Strategy 5.1 details the steps you need to follow for any and all such problems. Study this
strategy carefully, look at how it’s applied in the worked-out examples, and try to apply it

when you solve assigned problems.

PROBLEM-SOLVING STRATEGY 5.1 Newton’s First Law: Equilibrium of a Particle

IDENTIFY the relevant concepts: You must use Newton’s first law,
Egs. (5.1), for any problem that involves forces acting on an object in
equilibrium—that is, either at rest or moving with constant velocity.
A car is in equilibrium when it’s parked, but also when it’s traveling
down a straight road at a steady speed.

If the problem involves more than one object and the objects
interact with each other, you'll also need to use Newton’s third law.
This law allows you to relate the force that one object exerts on a
second object to the force that the second object exerts on the first one.

Identify the target variable(s). Common target variables in
equilibrium problems include the magnitude and direction (angle) of
one of the forces, or the components of a force.

SET UP the problem by using the following steps:

1. Draw a very simple sketch of the physical situation, showing
dimensions and angles. You don’t have to be an artist!

2. Draw a free-body diagram for each object that is in equilibrium.
For now, we consider the object as a particle, so you can represent
it as a large dot. In your free-body diagram, do not include the
other objects that interact with it, such as a surface it may be rest-
ing on or a rope pulling on it.

3. Ask yourself what is interacting with the object by contact or in
any other way. On your free-body diagram, draw a force vec-
tor for each interaction. Label each force with a symbol for the
magnitude of the force. If you know the angle at which a force
is directed, draw the angle accurately and label it. Include the
object’s weight, unless the object has negligible mass. If the
mass is given, use w = mg to find the weight. A surface in con-
tact with the object exerts a normal force perpendicular to the
surface and possibly a friction force parallel to the surface. A
rope or chain exerts a pull (never a push) in a direction along its
length.

4. Do not show in the free-body diagram any forces exerted by the
object on any other object. The sums in Egs. (5.1) include only
forces that act on the object. For each force on the object, ask your-
self “What other object causes that force?”” If you can’t answer that
question, you may be imagining a force that isn’t there.

5. Choose a set of coordinate axes and include them in your free-
body diagram. (If there is more than one object in the problem,
choose axes for each object separately.) Label the positive direction
for each axis. If an object rests or slides on a plane surface, for
simplicity choose axes that are parallel and perpendicular to this
surface, even when the plane is tilted.

EXECUTE the solution as follows:

1. Find the components of each force along each of the object’s co-
ordinate axes. Draw a wiggly line through each force vector that
has been replaced by its components, so you don’t count it twice.
The magnitude of a force is always positive, but its components
may be positive or negative.

2. Set the sum of all x-components of force equal to zero. In a sepa-
rate equation, set the sum of all y-components equal to zero.
(Never add x- and y-components in a single equation.)

3. If there are two or more objects, repeat all of the above steps for
each object. If the objects interact with each other, use Newton’s
third law to relate the forces they exert on each other.

4. Make sure that you have as many independent equations as the num-
ber of unknown quantities. Then solve these equations to obtain the
target variables.

EVALUATE your answer: Look at your results and ask whether they
make sense. When the result is a symbolic expression or formula,
check to see that your formula works for any special cases (particular
values or extreme cases for the various quantities) for which you can
guess what the results ought to be.

EXAMPLE 5.1 One-dimensional equilibrium: Tension in a massless rope

A gymnast with mass mg = 50.0 kg suspends herself from the lower
end of a hanging rope of negligible mass. The upper end of the rope is
attached to the gymnasium ceiling. (a) What is the gymnast’s weight?
(b) What force (magnitude and direction) does the rope exert on her?
(c) What is the tension at the top of the rope?

IDENTIFY and SET UP The gymnast and the rope are in equilibrium,
so we can apply Newton’s first law to both objects. We’ll use Newton’s
third law to relate the forces that they exert on each other. The target
variables are the gymnast’s weight, wg; the force that the bottom of
the rope exerts on the gymnast (call it 7g o, g); and the force that the
ceiling exerts on the top of the rope (call it 7¢ , g ). Figure 5.1 shows
our sketch of the situation and free-body diagrams for the gymnast
and for the rope. We take the positive y-axis to be upward in each

Figure 5.1 Our sketches for this problem.

(b) Free-body
diagram for gymnast

(a) The situation (c) Free-body

diagram for rope

Ceflfhg y y
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reaction
X pair X
Gymhast
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We =Meg Toong




diagram. Each force acts in the vertical direction and so has only a
y-component.

The forces Ty oy g (the upward force of the rope on the gymnast,
Fig. 5.1b) and 75 o, r (the downward force of the gymnast on the rope,
Fig. 5.1c) form an action-reaction pair. By Newton’s third law, they
must have the same magnitude.

Note that Fig. 5.1c includes only the forces that act on the rope. In
particular, it doesn’t include the force that the rope exerts on the ceil-
ing (compare the discussion of the apple in Conceptual Example 4.9 in
Section 4.5).

EXECUTE (a) The magnitude of the gymnast’s weight is the product of
her mass and the acceleration due to gravity, g:

wg = mgg = (50.0kg)(9.80 m/s?) = 490 N

(b) The gravitational force on the gymnast (her weight) points in the neg-
ative y-direction, so its y-component is —wg. The upward force of the rope
on the gymnast has unknown magnitude 7y ,, g and positive y-component
+ 7R on G- We find this by using Newton’s first law from Egs. (5.1):

Gymnast:  XF, = Trong + (—wg) =0  so

TRonG = Wg = 490 N
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The rope pulls up on the gymnast with a force Ty o, g of magnitude 490 N.
(By Newton’s third law, the gymnast pulls down on the rope with a
force of the same magnitude, 7 o, g = 490 N.)

(c) We have assumed that the rope is weightless, so the only forces
on it are those exerted by the ceiling (upward force of unknown mag-
nitude 7¢o,r) and by the gymnast (downward force of magnitude
TG onr = 490 N). From Newton’s first law, the net vertical force on the
rope in equilibrium must be zero:

EF\ =Teonr + (~Tgonr) = 0 SO
Tconk = Tgonr = 490N

Rope:

EVALUATE The tension at any point in the rope is the magnitude of the
force that acts at that point. For this weightless rope, the tension 75 o, r
at the lower end has the same value as the tension Tt , r at the upper
end. For such an ideal weightless rope, the tension has the same value
at any point along the rope’s length. (See the discussion in Conceptual
Example 4.10 in Section 4.5.)

KEYCONCEPT The sum of all the external forces on an object in
equilibrium is zero. The tension has the same value at either end of a
rope or string of negligible mass.

EXAMPLE 5.2 One-dimensional equilibrium: Tension in a rope with mass

Find the tension at each end of the rope in Example 5.1 if the weight of
the rope is 120 N.

IDENTIFY and SET UP As in Example 5.1, the target variables are the
magnitudes 75 o, g and Tc o, g Of the forces that act at the bottom and
top of the rope, respectively. Once again, we’ll apply Newton’s first law
to the gymnast and to the rope, and use Newton’s third law to relate the
forces that the gymnast and rope exert on each other. Again we draw
separate free-body diagrams for the gymnast (Fig. 5.2a) and the rope
(Fig. 5.2b). There is now a third force acting on the rope, however: the
weight of the rope, of magnitude wg = 120 N.

EXECUTE The gymnast’s free-body diagram is the same as in Example 5.1,
so her equilibrium condition is also the same. From Newton’s third law,
TR on G = TG on r» and we again have

Gymnast: 2F = Trong + (~wg) =0 so

TRonG = TGonR =W = 490N

The equilibrium condition 3 F, = 0 for the rope is now

Rope: 2F, = Teonr T (Tgonr) + (—wr) =0

Note that the y-component of 7 ,, g 1S positive because it points in the
+y-direction, but the y-components of both 75 ., g and wy are negative.
We solve for T¢ o, g and substitute the values 7 on R = TRong = 490 N
and wg = 120 N:

Teconk = Tgonr ¥ wr = 490N + 120N = 610N

EVALUATE When we include the weight of the rope, the tension is
different at the rope’s two ends: 610 N at the top and 490 N at the
bottom. The force Tc o g = 610 N exerted by the ceiling has to hold
up both the 490 N weight of the gymnast and the 120 N weight of
the rope.

Figure 5.2 Our sketches for this problem, including the weight of
the rope.

(@) Free-body
diagram for gymnast

(b) Free-body
diagram for rope

(c) Free-body diagram
for gymnast and rope
as a composite object
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To see this more clearly, we draw a free-body diagram for a composite
object consisting of the gymnast and rope together (Fig. 5.2c). Only two
external forces act on this composite object: the force T¢ o, g exerted by
the ceiling and the total weight wg + wg = 490 N + 120N = 610 N.
(The forces TG onr and Tr on g are internal to the composite object.
Newton’s first law applies only to external forces, so these internal forces
play no role.) Hence Newton’s first law applied to this composite object is

Composite object: ~ XF, = Teonr + [—(wg + wr)] =0

and so Tcgngr = Wwg + wg = 610 N.
Treating the gymnast and rope as a composite object is simpler, but
we can’t find the tension 7 ,, r at the bottom of the rope by this method.

KEYCONCEPT If there’s more than one object in a problem that in-
volves Newton’s laws, the safest approach is to treat each object separately.
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EXAMPLE 5.3 Two-dimensional equilibrium

In Fig. 5.3a, a car engine with weight w hangs from a chain that is
linked at ring O to two other chains, one fastened to the ceiling and the
other to the wall. Find expressions for the tension in each of the three
chains in terms of w. The weights of the ring and chains are negligible
compared with the weight of the engine.

IDENTIFY and SET UP The target variables are the tension magnitudes
Ti, T», and Ty in the three chains (Fig. 5.3a). All the objects are in equi-
librium, so we’ll use Newton’s first law. We need three independent
equations, one for each target variable. However, applying Newton’s
first law in component form to just one object gives only two equations
[the x- and y-equations in Egs. (5.1)]. So we’ll have to consider more
than one object in equilibrium. We’ll look at the engine (which is acted
on by 7}) and the ring (which is attached to all three chains and so is
acted on by all three tensions).

Figures 5.3b and 5.3c show our free-body diagrams and choice of
coordinate axes. Two forces act on the engine: its weight w and the
upward force 77 exerted by the vertical chain. Three forces act on the
ring: the tensions from the vertical chain (7}), the horizontal chain
(7»), and the slanted chain (73). Because the vertical chain has neg-
ligible weight, it exerts forces of the same magnitude 7; at both of its
ends (see Example 5.1). (If the weight of this chain were not negligible,
these two forces would have different magnitudes; see Example 5.2.)
The weight of the ring is also negligible, so it isn’t included in Fig. 5.3c.

EXECUTE The forces acting on the engine are along the y-axis only, so
Newton’s first law [Egs. (5.1)] says

Engine: 2EF =T+ (—w) =0 and n=w

The horizontal and slanted chains don’t exert forces on the engine
itself because they are not attached to it. These forces do appear when

we apply Newton’s first law to the ring, however. In the free-body dia-
gram for the ring (Fig. 5.3¢c), remember that 7y, 75, and 73 are the mag-
nitudes of the forces. We resolve the force with magnitude 73 into its
x- and y-components. Applying Newton’s first law in component form
to the ring gives us the two equations

Ring: YF, = Tzcos60° + (=T5) =0

Ring: 2F, = B3sin60° + (=T;) = 0

Because 77 = w (from the engine equation), we can rewrite the second
ring equation as
T w

- - sin 60°

;= =1.2
37 sin60° "

We can now use this result in the first ring equation:

cos 60°

=0.58
sin 60° "

T, = T3cos60° = w

EVALUATE The chain attached to the ceiling exerts a force on the ring
with a vertical component equal to 77, which in turn is equal to w. But
this force also has a horizontal component, so its magnitude 73 is some-
what greater than w. This chain is under the greatest tension and is the
one most susceptible to breaking.

To get enough equations to solve this problem, we had to consider
not only the forces on the engine but also the forces acting on a second
object (the ring connecting the chains). Situations like this are fairly
common in equilibrium problems, so keep this technique in mind.

KEYCONCEPT In two-dimensional problems that involve forces,
always write two force equations for each object: one for the x-
components of the forces and one for the y-components of the forces.

Figure 5.3 Our sketches for this problem. Note that with our choice of axes, all but one of the forces lie along either the x-axis or the y-axis.

(a) Engine, chains, and ring
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EXAMPLE 5.4 Aninclined plane

A car of weight w rests on a slanted ramp attached to a trailer
(Fig. 5.4a). Only a cable running from the trailer to the car prevents the
car from rolling off the ramp. (The car’s brakes are off and its trans-
mission is in neutral.) Find the tension in the cable and the force that
the ramp exerts on the car’s tires.

IDENTIFY The car is in equilibrium, so we use Newton’s first law. The
ramp exerts a separate force on each of the car’s tires, but for simplicity
we lump these forces into a single force. For a further simplification,

we’ll neglect any friction force the ramp exerts on the tires (see
Fig. 4.2b). Hence the ramp exerts only a force on the car that is per-
pendicular to the ramp. As in Section 4.1, we call this force the normal
force (see Fig. 4.2a). The two target variables are the magnitude 7 of the
tension in the cable and the magnitude n of the normal force.

SET UP Figure 5.4 shows the three forces acting on the car: its weight
(magnitude w), the tension in the cable (magnitude 7), and the normal
force (magnitude n). Note that the angle « between the ramp and the



