Problems
Key

V' A computerized answer check is available online.
| A problem that requires calculus.
* A difficult problem.

1 If one stereo system is capable of producing 20 watts of sound
power and another can put out 50 watts, how many times greater
is the amplitude of the sound wave that can be created by the more
powerful system? (Assume they are playing the same music.)

2 Many fish have an organ known as a swim bladder, an air-filled
cavity whose main purpose is to control the fish’s buoyancy an allow
it to keep from rising or sinking without having to use its muscles.
In some fish, however, the swim bladder (or a small extension of it)
is linked to the ear and serves the additional purpose of amplifying
sound waves. For a typical fish having such an anatomy, the bladder
has a resonant frequency of 300 Hz, the bladder’s @ is 3, and the
maximum amplification is about a factor of 100 in energy. Over what
range of frequencies would the amplification be at least a factor of
507

3 As noted in section 17.4, it is only approximately true that the
amplitude has its maximum at f = (1/27)+/k/m. Being more care-

ful, we should actually define two different symbols, fo = (1/27)\/k/m

and f, for the slightly different frequency at which the amplitude
is a maximum, i.e., the actual resonant frequency. In this notation,
the amplitude as a function of frequency is

F
A=
27r\/47r2m2 (f2 - f§)2 + b2 f2

Show that the maximum occurs not at f, but rather at the frequency

b2 \/ 1
o =1\/fE — —— =1/ f2 — ~=FWHM?
J \/fo 8m2m?2 fo 2 w

Hint: Finding the frequency that minimizes the quantity inside the
square root is equivalent to, but much easier than, finding the fre-
quency that maximizes the amplitude.

You can download this book for free, or buy a printed copy, at lightandmatter.com. It's available under the Creative
Commons Attribution-ShareAlike license, creativecommons.org/licenses/by-sa/1.0. (c) 1998-2010 Benjamin Crowell.

Problems

501



4 (a) Let W be the amount of work done by friction in the first
cycle of oscillation, i.e., the amount of energy lost to heat. Find
the fraction of the original energy F that remains in the oscillations
after n cycles of motion.

(b) From this, prove the equation

Q
(-5
E

(recalling that the number 535 in the definition of @Q is €27).

(c) Use this to prove the approximation 1/Q ~ (1/27)W/E. (Hint:
Use the approximation In(1+ x) &~ z, which is valid for small values

of z.)
5 (a) We observe that the amplitude of a certain free oscillation
decreases from A, to A,/Z after n oscillations. Find its Q. v

(b) The figure is from Shape memory in Spider draglines, Emile,
Le Floch, and Vollrath, Nature 440:621 (2006). Panel 1 shows an
electron microscope’s image of a thread of spider silk. In 2, a spi-
der is hanging from such a thread. From an evolutionary point of
view, it’s probably a bad thing for the spider if it twists back and
forth while hanging like this. (We're referring to a back-and-forth
rotation about the axis of the thread, not a swinging motion like a
pendulum.) The authors speculate that such a vibration could make
the spider easier for predators to see, and it also seems to me that
it would be a bad thing just because the spider wouldn’t be able
to control its orientation and do what it was trying to do. Panel 3
shows a graph of such an oscillation, which the authors measured
using a video camera and a computer, with a 0.1 g mass hung from it
in place of a spider. Compared to human-made fibers such as kevlar
or copper wire, the spider thread has an unusual set of properties:

1. It has a low @, so the vibrations damp out quickly.

2. It doesn’t become brittle with repeated twisting as a copper
wire would.

3. When twisted, it tends to settle in to a new equilibrium angle,
rather than insisting on returning to its original angle. You
can see this in panel 2, because although the experimenters
initially twisted the wire by 35 degrees, the thread only per-
formed oscillations with an amplitude much smaller than +35
degrees, settling down to a new equilibrium at 27 degrees.

4. Over much longer time scales (hours), the thread eventually
resets itself to its original equilbrium angle (shown as zero
degrees on the graph). (The graph reproduced here only shows
the motion over a much shorter time scale.) Some human-
made materials have this “memory” property as well, but they
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typically need to be heated in order to make them go back to
their original shapes.

Focusing on property number 1, estimate the @) of spider silk from
the graph. v

Twist angle (°)

20 30
Time (s)

Problem 5.

6  An oscillator with sufficiently strong damping has its maximum
response at w = 0. Using equation [4] on p. 497 , find the value of
() at which this behavior sets in.

> Hint, p. 511 > Answer, p. 530
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7 The goal of this problem is to refine the proportionality
FWHM  fres/Q into the equation FWHM = f,.5/Q, i.e., to prove
that the constant of proportionality equals 1.

(a) Show that the work done by a damping force F' = —bv over one
cycle of steady-state motion equals Wygmp = —2m2bfA%. Hint: It
is less confusing to calculate the work done over half a cycle, from
x=—Atox=+A, and then double it.

(b) Show that the fraction of the undriven oscillator’s energy lost to
damping over one cycle is |Waamp|/E = 472bf k.

(c) Use the previous result, combined with the result of problem 4,
to prove that @ equals k/27wbf .

(d) Combine the preceding result for ¢ with the equation FWHM =
b/2mm from section 17.4 to prove the equation FWHM = f,.:/Q.

*

8 An oscillator has ?=6.00, and, for convenience, let’s assume
F,, = 1.00, w, = 1.00, and m = 1.00. The usual approximations
would give

Wres = Wo )
Ares = 6.00 , and
Aw = 1/6.00

Determine these three quantities numerically using equation [4] on
p- 497 , and compare with the approximations.
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Exercise 17: Resonance
1. Compare the oscillator’s energies at A, B, C, and D.

A B C D
X R 2R 2R

N1 N1

2. Compare the Q values of the two oscillators.

X X

3. Match the x-t graphs in #2 with the amplitude-frequency graphs below.

response response

frequency frequency
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Three essential mathematical skills

More often than not when a search-and-rescue team finds a hiker dead in the wilderness, it turns
out that the person was not carrying some item from a short list of essentials, such as water
and a map. There are three mathematical essentials in this course.

1. Converting units

basic technique: section 0.9, p. 26; conversion of area, volume, etc.: section 1.1, p. 37
Examples:

103 g

0.7 g x 1%:700g

To check that we have the conversion factor the right way up (10% rather then 1/103), we note
that the smaller unit of grams has been compensated for by making the number larger.

For units like m?, kg/m3, etc., we have to raise the conversion factor to the appropriate power:

3 103 mm 3 9 mm? 9 3
4m°x [ — ] =4x10 mgx—:élxlo mm

1m B(f

Examples with solutions — p. 33, #1; p. 52, #2

Problems you can check at lightandmatter.com/arealchecker.html — p. 33, #3; p. 33, #2;
p- 33, #4; p. 52, #5; p. 52, #1

2. Reasoning about ratios and proportionalities

The technique is introduced in section 1.2, p. 39, in the context of area and volume, but it
applies more generally to any relationship in which one variable depends on another raised to
some power.

Example: When a car or truck travels over a road, there is wear and tear on the road surface,
which incurs a cost. Studies show that the cost per kilometer of travel C' is given by

C = kw* ,

where w is the weight per axle and k is a constant. The weight per axle is abot 13 times higher
for a semi-trailer than for my Honda Fit. How many times greater is the cost imposed on the
federal government when the semi travels a given distance on an interstate freeway?

> First we convert the equation into a proportionality by throwing out k, which is the same for
both vehicles:

C x w

Next we convert this proportionality to a statement about ratios:
C wi\*
~1_ <1> ~ 29,000
CQ w9
Since the gas taxes I pay to drive my Fit are nowhere near 29,000 times more than those paid

to drive the truck the same distance, the federal government is effectively awarding a massive
subsidy to the trucking company. Plus my Fit is cuter.
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Examples with solutions — p. 52, #3; p. 52, #8; p. 52, #4; p. 112, #13; p. 112, #15; p. 247,
#3; p. 274, #1; p. 275, #6; p. 274, #3; p. 309, #7; p. 309, #8

Problems you can check at 1ightandmatter.com/arealchecker.html — p. 54, #13; p. 53, #9;
p- 53, #10; p. 53, #11; p. 53, #12; p. 198, #4; p. 248, #6; p. 275, #7; p. 275, #8; p. 274, #4;
p. 308, #3; p. 452, #10

3. Vector addition
section 7.3, p. 206

Example: The Ar vector from San Diego to Los Angeles has magnitude 190 km and direction
129°counterclockwise from east. The one from LA to Las Vegas is 370 km at 38°counterclockwise
from east. Find the distance and direction from San Diego to Las Vegas.

> Graphical addition is discussed on p. 206. Here we concentrate on analytic addition, which
involves adding the x components to find the total x component, and similarly for y. The trig
needed in order to find the components of the second leg (LA to Vegas) is laid out in figure d
on p. 204 and explained in detail in example 3 on p. 205:

Azy = (370 km) cos 38° = 292 km
Ays = (370 km) sin 38° = 228 km

(Since these are intermediate results, we keep an extra sig fig to avoid accumulating too much
rounding error.) Once we understand the trig for one example, we don’t need to reinvent the
wheel every time. The pattern is completely universal, provided that we first make sure to get
the angle expressed according to the usual trig convention, counterclockwise from the x axis.
Applying the pattern to the first leg, we have:

Azy = (190 km) cos 129° = —120 km
Ay; = (190 km) sin 129° = 148 km

For the vector directly from San Diego to Las Vegas, we have

Ar = Axq + Azg = 172 ki
Ay = Ay; + Ayy = 376 km

The distance from San Diego to Las Vegas is found using the Pythagorean theorem,

/(172 km)2 + (376 km)2 = 410 km

(rounded to two sig figs because it’s one of our final results). The direction is one of the two
possible values of the inverse tangent

tan~! (Ay/Az) = {65°,245°}
Consulting a sketch shows that the first of these values is the correct one.

Examples with solutions — p. 226, #3; p. 228, #9; p. 393, #8

Problems you can check at lightandmatter.com/arealchecker.html — p. 213, #3; p. 213,
#4; p. 226, #4; p. 226, #5; p. 229, #16; p. 275, #13; p. 276, #14; p. 393, #9
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Prog ramming with pythorfler versions of Python, the computer will

The purpose of this tutorial is to help you get
familiar with a computer programming lan-
guage called Python, which I’ve chosen be-
cause (a) it’s free, and (b) it’s easy to use inter-
actively. I won’t assume you have any previous
experience with computer programming; you
won’t need to learn very much Python, and
what little you do need to learn I'll explain
explicitly. If you really want to learn Python
more thoroughly, there are a couple of excel-
lent books that you can download for free on
the Web:

How to Think Like a Computer Sci-

entist (Python Version), Allen B. Dow-

ney, Jeffrey Elkner, Moshe Zadka,
http://www.ibiblio.org/obp/

Dive Into Python, Mark Pilgrim,
http://diveintopython.net/

The first book is meant for people who have
never programmed before, while the second is
a more complete introduction aimed at vet-
eran programmers who know a different lan-
guage already.

Using Python as a calculator

The easiest way to get Python going is to go
to the web site ideone.com. Under “choose
a language,” select Python. Inside the win-
dow where it says “paste your source code or
insert template or sample,” type print (2+2).
Click on the “submit” button. The result, 4,
is shown under “output.” In other words, you
can use Python just like a calculator.

For compactness, I'll show examples in the fol-
lowing style:

>>> print(2+2)
4

Here the >>> is not something you would type
yourself; it’s just a marker to distinguish your
input from the program’s output. (In some

actually print out >>> as a prompt to tell you
it’s ready to type something.)

There are only a couple of things to watch out
for. First, Python distinguishes between inte-
gers and real numbers, so the following gives
an unexpected result:

>>>
0

print(2/3)

To get it to treat these values as real numbers,
you have to use decimal points:

>>> print(2./3.)
0.6666666666666666666663

Wk,

Multiplication is represented by

>>> print(2.%3.)
6.0

Also, Python doesn’t know about its own li-
brary of math functions unless you tell it ex-
plicitly to load them in:

>>> print (sqrt(2.))
Traceback (most recent call last):
File ‘‘<stdin>’’, line 1, in ?

NameError: There is no variable named ‘sqrt’

Here are the steps you have to go through to
calculate the square root of 2 successfully:

>>> import math
>>> print(math.sqrt(2.))
1.4142135623730951

The first line is just something you can make a
habit of doing every time you start up Python.
In the second line, the name of the square
root function had to be prefixed with “math.”
to tell Python where you wanted to get this
“sqrt” function from. (All of this may seem
like a nuisance if you’re just using Python as a
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calculator, but it’s a good way to design a pro-
gramming language so that names of functions
never conflict.)

Try it. Experiment and figure out whether
Python’s trig functions assume radians or
degrees.

Variables

Python lets you define variables and assign
values to them using an equals sign:

>>> dwarfs=7

>>> print(dwarfs)
>>> print(dwarfs+3)
7

10

Note that a variable in computer programming
isn’t quite like a variable in algebra. In alge-
bra, if a=7 then a=7 always, throughout a
particular calculation. But in a programming
language, the variable name really represents
a place in memory where a number can be
stored, so you can change its value:

>>> dwarfs=7

>>> dwarfs=37
>>> print(dwarfs)
37

You can even do stuff like this,

>>> dwarfs=37

>>> dwarfs=dwarfs+1
>>> print(dwarfs)
38

In algebra it would be nonsense to have a vari-
able equal to itself plus one, but in a com-
puter program, it’s not an assertion that the
two things are equal, its a command to calcu-
late the value of the expression on the right
side of the equals, and then put that number
into the memory location referred to by the
variable name on the left.

Try it. What happens if you do dwarfs+1 =
dwarfs? Do you understand why?

Functions

Somebody had to teach Python how to do
functions like sqrt, and it’s handy to be able
to define your own functions in the same way.
Here’s how to do it:

>>> def double(x):
>>> return 2.*x
>>> print(double(5.))
10.0

Note that the indentation is mandatory. The
first and second lines define a function called
double. The final line evaluates that function
with an input of 5.

Loops
Suppose we want to add up all the numbers
from 0 to 99.

Automating this kind of thing is exactly what
computers are best at, and Python provides a
mechanism for this called a loop:

>>> sum=0

>>> for j in range(100):
>>>  sum=sumt]

>>> print (sum)

4950

The stuff that gets repeated — the inside of
the loop — has to be indented, just like in
a function definition. Python always counts
loops starting from 0, so for j in range (100)
actually causes j to range from 0 to 99, not
from 1 to 100.
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Hints

Hints for chapter 8

Page 230, problem 18:

The easiest way to do this problem is to use two different coordinate systems: one that’s tilted
to coincide with the upper slope, and one that’s tilted to coincide with the lower one.

Page 230, problem 19:

Consider a section of the rope subtending a very small angle, and find an approximate equation
relating the normal force to the tension. Apply small-angle approximations to any trig functions
occurring in your result. Eliminate all variables except for the tension and the angle, and
separate these variables.

Hints for chapter 10

Page 278, problem 22:

If you try to calculate the two forces and subtract, your calculator will probably give a result of
zero due to rounding. Instead, reason about the fractional amount by which the quantity 1/72
will change. As a warm-up, you may wish to observe the percentage change in 1/r? that results
from changing r from 1 to 1.01.

Hints for chapter 13

Page 359, problem 13:

What does the total energy have to be if the projectile’s velocity is exactly escape velocity?
Write down conservation of energy, change v to dr/d¢, separate the variables, and integrate.

Page 361, problem 20:
You can use the geometric interpretation of the dot product.

Page 362, problem 25:

The analytic approach is a little cambersome, although it can be done by using approximations
like 1/v/1+€~1—(1/2)e. A more straightforward, brute-force method is simply to write a
computer program that calculates U/m for a given point in spherical coordinates. By trial and
error, you can fairly rapidly find the r that gives a desired value of U/m.

Hints for chapter 15

Page 455, problem 28:

The choice of axis theorem only applies to a closed system, or to a system acted on by a total
force of zero. Even if the box is not going to rotate, its center of mass is going to accelerate,
and this can still cause a change in its angular momentum, unless the right axis is chosen. For
example, if the axis is chosen at the bottom right corner, then the box will start accumulating
clockwise angular momentum, even if it is just accelerating to the right without rotating. Only
by choosing the axis at the center of mass (or at some other point on the same horizontal line)
do we get a constant, zero angular momentum.

Page 457, problem 41:

You'll need the result of problem 26 in order to relate the energy and angular momentum of a
rigidly rotating body. Since this relationship involves a variable raised to a power, you can’t
just graph the data and get the moment of inertia directly. One way to get around this is to
manipulate one of the variables to make the graph linear. Here is an example of this technique
from another context. Suppose you were given a table of the masses, m, of cubical pieces of
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wood, whose sides had various lengths, b. You want to find a best-fit value for the density of
the wood. The relationship is m = pb®. The graph of m versus b would be a curve, and you
would not have any easy way to get the density from such a graph. But by graphing m versus
b3, you can produce a graph that is linear, and whose slope equals the density.

Hints for chapter 16

Page 477, problem 13:

The spring constant of this spring, k, is not the quantity you need in the equation for the period.
What you need in that equation is the second derivative of the spring’s energy with respect to
the position of the thing that’s oscillating. You need to start by finding the energy stored in
the spring as a function of the vertical position, y, of the mass. This is similar to example 5 on
page 470.

Hints for chapter 17

Page 503, problem 6:

The whole expression for the amplitude has maxima where the stuff inside the square root is at
a minimum, and vice versa, so you can save yourself a lot of work by just working on the stuff
inside the square root. For normal, large values of @), the there are two extrema, one at w = 0
and one at resonance; one of these is a maximum and one is a minimum. You want to find out
at what value of () the zero-frequency extremum switches over from being a maximum to being
a minimum.

Solutions to selected problems

Solutions for chapter 0
Page 33, problem 1:

1073 ¢g y 1073 kg

=1.34x107* kg
1 mg lg

134 mg x

Page 33, problem T7:

(a) Let’s do 10.0 g and 1000 g. The arithmetic mean is 505 grams. It comes out to be 0.505 kg,
which is consistent. (b) The geometric mean comes out to be 100 g or 0.1 kg, which is consistent.
(c) If we multiply meters by meters, we get square meters. Multiplying grams by grams should
give square grams! This sounds strange, but it makes sense. Taking the square root of square
grams (g?) gives grams again. (d) No. The superduper mean of two quantities with units of
grams wouldn’t even be something with units of grams! Related to this shortcoming is the fact
that the superduper mean would fail the kind of consistency test carried out in the first two
parts of the problem.

Page 34, problem 10:

(a) They're all defined in terms of the ratio of side of a triangle to another. For instance, the
tangent is the length of the opposite side over the length of the adjacent side. Dividing meters
by meters gives a unitless result, so the tangent, as well as the other trig functions, is unitless.
(b) The tangent function gives a unitless result, so the units on the right-hand side had better
cancel out. They do, because the top of the fraction has units of meters squared, and so does
the bottom.
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Solutions for chapter 1

Page 52, problem 1:

The proportionality V oc L? can be restated in terms of ratios as Vi /Va = (L1/L2)? = (1/10)3 =
1/1000, so scaling down the linear dimensions by a factor of 1/10 reduces the volume by 1/1000,
to a milliliter.

Page 52, problem 2:

Page 52, problem 3:

The bigger scope has a diameter that’s ten times greater. Area scales as the square of the linear
dimensions, so A oc d2, or in the language of ratios Ay /Ay = (dy/d2)? = 100. Its light-gathering
power is a hundred times greater.

Page 52, problem 4:

The cone of mixed gin and vermouth is the same shape as the cone of vermouth, but its linear
dimensions are doubled. Translating the proportionality V o< L? into an equation about ratios,
we have V;/Vo = (L1/L2)® = 8. Since the ratio of the whole thing to the vermouth is 8, the
ratio of gin to vermouth is 7.

Page 52, problem 8:

Since they differ by two steps on the Richter scale, the energy of the bigger quake is 10 times
greater. The wave forms a hemisphere, and the surface area of the hemisphere over which the
energy is spread is proportional to the square of its radius, A o r2, or r o< VA, which means
r1/r2 = \/A1/As. If the amount of vibration was the same, then the surface areas must be in
the ratio A;/As = 10*, which means that the ratio of the radii is 102.

Page 55, problem 22:

Let’s estimate the Great Wall’s volume, and then figure out how many bricks that would repre-
sent. The wall is famous because it covers pretty much all of China’s northern border, so let’s
say it’s 1000 km long. From pictures, it looks like it’s about 10 m high and 10 m wide, so the
total volume would be 10° m x 10 m x 10 m = 10% m3. If a single brick has a volume of 1 liter,
or 1073 m?, then this represents about 10! bricks. If one person can lay 10 bricks in an hour
(taking into account all the preparation, etc.), then this would be 10'° man-hours.

Page 55, problem 24:

Directly guessing the number of jelly beans would be like guessing volume directly. That would
be a mistake. Instead, we start by estimating the linear dimensions, in units of beans. The
contents of the jar look like they’re about 10 beans deep. Although the jar is a cylinder,
its exact geometrical shape doesn’t really matter for the purposes of our order-of-magnitude
estimate. Let’s pretend it’s a rectangular jar. The horizontal dimensions are also something like
10 beans, so it looks like the jar has about 10 x 10 x 10 or ~ 103 beans inside.

Solutions for chapter 2

Page 92, problem 1:

Since the lines are at intervals of one m/s and one second, each box represents one meter. From
t =0tot = 2s, the area under the curve represents a positive Az of 6 m. (The triangle has half
the area of the 2 x 6 rectangle it fits inside.) After t = 2 s, the area above the curve represents
negative Ax. To get —6 m worth of area, we need to go out to ¢ = 6 s, at which point the
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triangle under the axis has a width of 4 s and a height of 3 m/s, for an area of 6 m (half of
3 x4).

Page 93, problem 8:
(a) Let f and g be functions. Then the chain rule states that if we construct the function

f(g(x)), its derivative is

df _df dg

dz  dg dz
On the right-hand side, the units of dg on the top cancel with the units of dg on the bottom,
so the units do match up with those of df/dz on the left.
(b) The cosine function requires a unitless input and produces a unitless output. Therefore A
must have units of meters, and b must have units of s (inverse seconds, or “per second”). A
is the distance the object moves on either side of the origin, and b is a measure of how fast it
vibrates back and forth (how many radians it passes through per second).
(b) The derivative is v = dz/dt = —Absin(bt), where the factor of b in front comes from the
chain rule. The product Ab does have units of m/s. If we hadn’t put in the factor of b as
required by the chain rule, the units would have been wrong. Physically, it also makes sense
that a larger b, indicating a more rapid vibration, produces a greater v.

Page 93, problem 10:

In one second, the ship moves v meters to the east, and the person moves v meters north relative
to the deck. Relative to the water, he traces the diagonal of a triangle whose length is given
by the Pythagorean theorem, (v? + v?)Y/2 = \/2v. Relative to the water, he is moving at a
45-degree angle between north and east.

Page 93, problem 11:

Velocity is relative, so having to lean tells you nothing about the train’s velocity. Fullerton is
moving at a huge speed relative to Beijing, but that doesn’t produce any noticeable effect in
either city. The fact that you have to lean tells you that the train is changing its speed, but it
doesn’t tell you what the train’s current speed is.

Page 93, problem 13:

To the person riding the moving bike, bug A is simply going in circles. The only difference
between the motions of the two wheels is that one is traveling through space, but motion is
relative, so this doesn’t have any effect on the bugs. It’s equally hard for each of them.

Solutions for chapter 3

Page 111, problem 1:

Taking g to be 10 m/s?, the bullet loses 10 m/s of speed every second, so it will take 10 s to
come to a stop, and then another 10 s to come back down, for a total of 20 s.

Page 111, problem 4:

_dz

T ode

=10 - 3t?
dv

dt

= —6t

= —18 m/s2

(Y
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Page 111, problem 6:

T —

t

\ A. t
- \S

t

Page 111, problem 7:

(a) We choose a coordinate system with positive pointing to the right. Some people might
expect that the ball would slow down once it was on the more gentle ramp. This may be true
if there is significant friction, but Galileo’s experiments with inclined planes showed that when
friction is negligible, a ball rolling on a ramp has constant acceleration, not constant speed. The
speed stops increasing as quickly once the ball is on the more gentle slope, but it still keeps on
increasing. The a-t graph can be drawn by inspecting the slope of the v-t graph.

s

(b) The ball will roll back down, so the second half of the motion is the same as in part a. In
the first (rising) half of the motion, the velocity is negative, since the motion is in the opposite
direction compared to the positive x axis. The acceleration is again found by inspecting the
slope of the v-t graph.

\

Page 111, problem 8:

This is a case where it’s probably easiest to draw the acceleration graph first. While the ball
is in the air (bc, de, etc.), the only force acting on it is gravity, so it must have the same,
constant acceleration during each hop. Choosing a coordinate system where the positive x axis
points up, this becomes a negative acceleration (force in the opposite direction compared to the
axis). During the short times between hops when the ball is in contact with the ground (cd,
ef, etc.), it experiences a large acceleration, which turns around its velocity very rapidly. These
short positive accelerations probably aren’t constant, but it’s hard to know how they’d really
look. We just idealize them as constant accelerations. Similarly, the hand’s force on the ball
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during the time ab is probably not constant, but we can draw it that way, since we don’t know
how to draw it more realistically. Since our acceleration graph consists of constant-acceleration
segments, the velocity graph must consist of line segments, and the position graph must consist
of parabolas. On the = graph, I chose zero to be the height of the center of the ball above the
floor when the ball is just lying on the floor. When the ball is touching the floor and compressed,
as in interval cd, its center is below this level, so its = is negative.

ab cd ef

Page 112, problem 11:

(a) Solving for Az = Jat? for a, we find a = 2Az/t? = 5.51 m/s?. (b) v = V2aAz = 66.6 m/s.
(c) The actual car’s final velocity is less than that of the idealized constant-acceleration car. If
the real car and the idealized car covered the quarter mile in the same time but the real car
was moving more slowly at the end than the idealized one, the real car must have been going
faster than the idealized car at the beginning of the race. The real car apparently has a greater
acceleration at the beginning, and less acceleration at the end. This make sense, because every
car has some maximum speed, which is the speed beyond which it cannot accelerate.

Page 112, problem 13:
Ax = %atQ, so for a fixed value of Az, we have t < 1/4/a. Translating this into the language of

ratios gives tyr/tg = \/ag/ay = V3 = 1.7.

Page 112, problem 15:
We have v]% = 2aAz, so the distance is proportional to the square of the velocity. To get up to
half the speed, the ball needs 1/4 the distance, i.e., L/4.

Solutions for chapter 4
Page 148, problem 1:
a = Av/At, and also a = F/m, so

At= 20
a
~ mAwv
- F
(1000 kg)(50 m/s — 20 m/s)
N 3000 N
=10s

Page 148, problem 4:
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(a) This is a measure of the box’s resistance to a change in its state of motion, so it measures
the box’s mass. The experiment would come out the same in lunar gravity.

(b) This is a measure of how much gravitational force it feels, so it’s a measure of weight. In
lunar gravity, the box would make a softer sound when it hit.

(c) As in part a, this is a measure of its resistance to a change in its state of motion: its mass.
Gravity isn’t involved at all.

Solutions for chapter 5

Page 180, problem 1:

(a) The swimmer’s acceleration is caused by the water’s force on the swimmer, and the swimmer
makes a backward force on the water, which accelerates the water backward. (b) The club’s
normal force on the ball accelerates the ball, and the ball makes a backward normal force on the
club, which decelerates the club. (¢) The bowstring’s normal force accelerates the arrow, and
the arrow also makes a backward normal force on the string. This force on the string causes the
string to accelerate less rapidly than it would if the bow’s force was the only one acting on it.
(d) The tracks’ backward frictional force slows the locomotive down. The locomotive’s forward
frictional force causes the whole planet earth to accelerate by a tiny amount, which is too small
to measure because the earth’s mass is so great.

Page 180, problem 2:

The person’s normal force on the box is paired with the box’s normal force on the person. The
dirt’s frictional force on the box pairs with the box’s frictional force on the dirt. The earth’s
gravitational force on the box matches the box’s gravitational force on the earth.

Page 180, problem 3:
(a) A liter of water has a mass of 1.0 kg. The mass is the same in all three locations. Mass
indicates how much an object resists a change in its motion. It has nothing to do with gravity.
(b) The term “weight” refers to the force of gravity on an object. The bottle’s weight on earth
is Fyy = mg = 9.8 N. Its weight on the moon is about one sixth that value, and its weight in
interstellar space is zero.

Page 185, problem 26:

(a)
top spring’s rightward force on connector
...connector’s leftward force on top spring
bottom spring’s rightward force on connector
...connector’s leftward force on bottom spring
hand’s leftward force on connector
...connector’s rightward force on hand

Looking at the three forces on the connector, we see that the hand’s force must be double the
force of either spring. The value of x — z, is the same for both springs and for the arrangement
as a whole, so the spring constant must be 2k. This corresponds to a stiffer spring (more force
to produce the same extension).

(b) Forces in which the left spring participates:
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hand’s leftward force on left spring

...left spring’s rightward force on hand
right spring’s rightward force on left spring
...left spring’s leftward force on right spring

Forces in which the right spring participates:

left spring’s leftward force on right spring
...right spring’s rightward force on left spring
wall’s rightward force on right spring

...right spring’s leftward force on wall

Since the left spring isn’t accelerating, the total force on it must be zero, so the two forces acting
on it must be equal in magnitude. The same applies to the two forces acting on the right spring.
The forces between the two springs are connected by Newton’s third law, so all eight of these
forces must be equal in magnitude. Since the value of x — x, for the whole setup is double what
it is for either spring individually, the spring constant of the whole setup must be k/2, which
corresponds to a less stiff spring.

Page 185, problem 28:

(a) Spring constants in parallel add, so the spring constant has to be proportional to the cross-
sectional area. T'wo springs in series give half the spring constant, three springs in series give 1/3,
and so on, so the spring constant has to be inversely proportional to the length. Summarizing,
we have k o< A/L. (b) With the Young’s modulus, we have k = (A/L)E.The spring constant
has units of N/m, so the units of F would have to be N/m?.

Solutions for chapter 7

Page 214, problem 7:

We'll use the same approach as in the example in section 7.5, which is to find an example such
that when the calculation is carried out in a rotated frame of reference, the result is clearly not
the same vector expressed in the new frame. Let A = wX in the original coordinate system.
Then in this coordinate system B = 0.

But now suppose we choose a new coordinate system, rotated by 10 degrees relative to the first
one. In this new coordinate system, A, is a little less than 7. Since A, is no longer a multiple of
7, By is no longer zero, and B is no longer zero. The nonzero B computed in the new coordinate
system is clearly not the same as the old B expressed in a new way, since rotating our coordinate
system should not change the magnitudes of vectors.

Solutions for chapter 8

Page 226, problem 3:

We want to find out about the velocity vector vpg of the bullet relative to the ground, so we need
to add Annie’s velocity relative to the ground vaq to the bullet’s velocity vector vp 4 relative
to her. Letting the positive x axis be east and y north, we have

vBA,» = (140 mi/hr) cos 45°
= 100 mi/hr

vBA,y = (140 mi/hr) sin 45°
= 100 mi/hr
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and

VAG,x = 0
vaGg,y = 30 mi/hr

The bullet’s velocity relative to the ground therefore has components

VBG,e = 100 mi/hrand
vBG,y = 130 mi/hr

Its speed on impact with the animal is the magnitude of this vector

lvpg| = /(100 mi/hr)2 + (130 mi/hr)2
= 160 mi/hr

(rounded off to 2 significant figures).

Page 228, problem 9:

Since its velocity vector is constant, it has zero acceleration, and the sum of the force vectors
acting on it must be zero. There are three forces acting on the plane: thrust, lift, and gravity.
We are given the first two, and if we can find the third we can infer its mass. The sum of the y
components of the forces is zero, so

0= Fthrust,y + Flifmy + FW,y
= |Finrust| sin @ + |Fy; ¢ cos € — mg

The mass is

m = (|Fiprust| sin€ + [Fiip| cos0)/g
=6.9 x 10* kg

Page 229, problem 13:

(a) If there was no friction, the angle of repose would be zero, so the coefficient of static friction,
ts, will definitely matter. We also make up symbols €, m and g for the angle of the slope, the
mass of the object, and the acceleration of gravity. The forces form a triangle just like the one
in section 8.3, but instead of a force applied by an external object, we have static friction, which
is less than us|Fy|. As in that example, |F;| = mgsin6, and |Fs| < ps|F |, so

mgsinf < ps|Fy|
From the same triangle, we have |Fy| = mgcos#, so
mgsin @ < psmg cos 6

Rearranging,
0 < tan~!

(b) Both m and g canceled out, so the angle of repose would be the same on an asteroid.

Page 229, problem 14:
(a) Since the wagon has no acceleration, the total forces in both the x and y directions must
be zero. There are three forces acting on the wagon: Fr, Fy, and the normal force from the
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ground, Fpy. If we pick a coordinate system with x being horizontal and y vertical, then the
angles of these forces measured counterclockwise from the x axis are 90° — ¢, 270°, and 90° + 6,
respectively. We have

Fy total = |Fr|cos(90° — @) + |Fy| cos(270°) + |F | cos(90° + 6)
Fytotar = |F7|sin(90° — ¢) + |Fy|sin(270°) + |F | sin(90° + 6) ,

which simplifies to

0= ]FT]sinqb - |FN|SiIl9
0= |Fr|cos¢ — |Fy |+ |Fn|cosé.

The normal force is a quantity that we are not given and do not with to find, so we should
choose it to eliminate. Solving the first equation for |F x| = (sin ¢/ sin6)|Fr|, we eliminate |F |
from the second equation,

0= |Fr|cos¢ — |Fyw |+ |Fr|sin¢cosd/sin b
and solve for |Fr|, finding

Fw|
cos ¢ + sin ¢ cos 0/ sin 0

|Fr| =

Multiplying both the top and the bottom of the fraction by sin 8, and using the trig identity for
sin(f + ¢) gives the desired result,

(b) The case of ¢ = 0, i.e., pulling straight up on the wagon, results in |Fp| = |Fy/|: we simply
support the wagon and it glides up the slope like a chair-lift on a ski slope. In the case of
¢ = 180° — 0, |Fp| becomes infinite. Physically this is because we are pulling directly into the
ground, so no amount of force will suffice.

Solutions for chapter 9
Page 247, problem 3:
(a) The inward normal force must be sufficient to produce circular motion, so

|F | :mvz/r

We are searching for the minimum speed, which is the speed at which the static friction force is
just barely able to cancel out the downward gravitational force. The maximum force of static
friction is

Fs| = x|,

and this cancels the gravitational force, so
|Fs| = mg
Solving these three equations for v gives
fgr
v=,/—
s
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(b) Greater by a factor of v/3.

Page 248, problem 5:
The inward force must be supplied by the inward component of the normal force,

|F | sin® = mo?/r
The upward component of the normal force must cancel the downward force of gravity,
|F x| cos @ = myg.

Eliminating |Fy| and solving for 6, we find

2
0 = tan~! <v>
gr
Page 249, problem 10:
Each cyclist has a radial acceleration of v?/r = 5 m/s?. The tangential accelerations of cyclists
A and B are 375 N/75 kg = 5 m/s%.

Solutions for chapter 10

Page 274, problem 1:

Newton’s law of gravity tells us that her weight will be 6000 times smaller because of the
asteroid’s smaller mass, but 132 = 169 times greater because of its smaller radius. Putting these
two factors together gives a reduction in weight by a factor of 6000/169, so her weight will be
(400 N)(169)/(6000) = 11 N.

Page 274, problem 3:

(a) The asteroid’s mass depends on the cube of its radius, and for a given mass the surface
gravity depends on 7—2. The result is that surface gravity is directly proportional to radius.
Half the gravity means half the radius, or one eighth the mass. (b) To agree with a, Earth’s
mass would have to be 1/8 Jupiter’s. We assumed spherical shapes and equal density. Both
planets are at least roughly spherical, so the only way out of the contradiction is if Jupiter’s

density is significantly less than Earth’s.

Page 275, problem 6:

Newton’s law of gravity depends on the inverse square of the distance, so if the two planets’
masses had been equal, then the factor of 0.83/0.059 = 14 in distance would have caused the
force on planet ¢ to be 142 = 2.0 x 10 times weaker. However, planet c’s mass is 3.0 times
greater, so the force on it is only smaller by a factor of 2.0 x 10?/3.0 = 65.

Page 278, problem 20:
Newton’s law of gravity says F = Gmima/r?, and Newton’s second law says F = maa, so
Gmlmg/r2 = mea. Since my cancels, a is independent of my.
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Page 278, problem 21:
Newton’s second law gives
F =mpap ;

where F is Ida’s force on Dactyl. Using Newton’s universal law of gravity, F= Gmmp/r?,and
the equation a = v?/r for circular motion, we find

GmImD/r2 = mDUQ/r.

Dactyl’s mass cancels out, giving
Gmy/r? = v%/r.

Dactyl’s velocity equals the circumference of its orbit divided by the time for one orbit: v =
27r/T'. Inserting this in the above equation and solving for mj, we find

4723
M = —r5
I GT2 )
so Ida’s density is
p=mr/V
- 4723
- GVT?

Page 278, problem 22:

Any fractional change in 7 results in double that amount of fractional change in 1/r2. For
example, raising r by 1% causes 1/72 to go down by very nearly 2%. A 27-day orbit is 1/13.5
of a year, so the fractional change in 1/r? is

(1/13.5) cm 1 km
X X
3.84 x 105 km = 105 cm

—4x 10712

Solutions for chapter 11

Page 309, problem 6:

A force is an interaction between two objects, so while the bullet is in the air, there is no force.
There is only a force while the bullet is in contact with the book. There is energy the whole
time, and the total amount doesn’t change. The bullet has some kinetic energy, and transfers
some of it to the book as heat, sound, and the energy required to tear a hole through the book.

Page 309, problem 7:

(a) The energy stored in the gasoline is being changed into heat via frictional heating, and also
probably into sound and into energy of water waves. Note that the kinetic energy of the propeller
and the boat are not changing, so they are not involved in the energy transformation. (b) The
crusing speed would be greater by a factor of the cube root of 2, or about a 26% increase.

Page 309, problem 8:

We don’t have actual masses and velocities to plug in to the equation, but that’s OK. We just
have to reason in terms of ratios and proportionalities. Kinetic energy is proportional to mass
and to the square of velocity, so B’s kinetic energy equals

(13.4 J)(3.77)/(2.34)> = 9.23 J
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Page 309, problem 11:
Room temperature is about 20°C. The fraction of the energy that actually goes into heating

the water is
(250 g)/(0.24 g-°C/J) x (100°C — 20°C)

(1.25 x 10% J/s) (126 s)

So roughly half of the energy is wasted. The wasted energy might be in several forms: heating
of the cup, heating of the oven itself, or leakage of microwaves from the oven.

= 0.53

Solutions for chapter 12
Page 327, problem 6:

Etotal,i = Etotal,f
PE; + heat; = PEf + KEf + heatf

1
—muv? = PE; — PE; + heat; — heaty

2
= —APFE — Aheat
\/ (—APE — Aheat)
Vv =14/2
m
=6.4m/s

Page 328, problem 10:
(a) Example: As one child goes up on one side of a see-saw, another child on the other side
comes down. (b) Example: A pool ball hits another pool ball, and transfers some KE.

Page 328, problem 12:

Suppose the river is 1 m deep, 100 m wide, and flows at a speed of 10 m/s, and that the falls
are 100 m tall. In 1 second, the volume of water flowing over the falls is 10% m?, with a mass of
10% kg. The potential energy released in one second is (10° kg)(g)(100 m) = 10° J, so the power
is 10° W. A typical household might have 10 hundred-watt applicances turned on at any given
time, so it consumes about 10% watts on the average. The plant could supply a about million
households with electricity.

Page 329, problem 16:
Let 6 be the angle by which he has progressed around the pipe. Conservation of energy gives

Etotal,i = Etotal,f
PE; = PE; + KE;

Let’s make PE = 0 at the top, so

1
0 = mgr(cosf — 1) + §mv2

While he is still in contact with the pipe, the radial component of his acceleration is

Qpr = — )
r

and making use of the previous equation we find
ar = 2¢g(1 — cos @)
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There are two forces on him, a normal force from the pipe and a downward gravitation force
from the earth. At the moment when he loses contact with the pipe, the normal force is zero,
so the radial component, mg cos 6, of the gravitational force must equal ma,.,

mg cos § = 2mg(1 — cos0) ,

which gives

2
9 = —
cos 3

The amount by which he has dropped is (1 — cos ), which equals r/3 at this moment.

Solutions for chapter 13

Page 356, problem 4:

No. Work describes how energy was transferred by some process. It isn’t a measurable property
of a system.

Solutions for chapter 14

Page 392, problem 3:

By conservation of momentum, the total momenta of the pieces after the explosion is the same
as the momentum of the firework before the explosion. However, there is no law of conservation
of kinetic energy, only a law of conservation of energy. The chemical energy in the gunpowder
is converted into heat and kinetic energy when it explodes. All we can say about the kinetic
energy of the pieces is that their total is greater than the kinetic energy before the explosion.

Page 393, problem 8:

Let m be the mass of the little puck and M = 2.3m be the mass of the big one. All we need
to do is find the direction of the total momentum vector before the collision, because the total
momentum vector is the same after the collision. Given the two components of the momentum
vector p, = Mv and p, = muv, the direction of the vector is tan=!(p,/p,) = 23° counterclockwise
from the big puck’s original direction of motion.

Page 394, problem 12:

Momentum is a vector. The total momentum of the molecules is always zero, since the momenta
in different directions cancal out on the average. Cooling changes individual molecular momenta,
but not the total.

Page 394, problem 15:
(a) Particle ¢ had velocity v; in the center-of-mass frame, and has velocity v; + u in the new
frame. The total kinetic energy is

1
5ml(v1+u)2+... ,

where “...” indicates that the sum continues for all the particles. Rewriting this in terms of

the vector dot product, we have

1 1
iml(v1+u)-(v1+u)+...:le(vl-v1+2u~v1+u-u)+...

When we add up all the terms like the first one, we get K.,. Adding up all the terms like the
third one, we get M|u|?/2. The terms like the second term cancel out:

miu-vyi+...=u-(mvi+...) ,
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where the sum in brackets equals the total momentum in the center-of-mass frame, which is
zero by definition.

(b) Changing frames of reference doesn’t change the distances between the particles, so the
potential energies are all unaffected by the change of frames of reference. Suppose that in a
given frame of reference, frame 1, energy is conserved in some process: the initial and final
energies add up to be the same. First let’s transform to the center-of-mass frame. The potential
energies are unaffected by the transformation, and the total kinetic energy is simply reduced
by the quantity M|u;|?/2, where u; is the velocity of frame 1 relative to the center of mass.
Subtracting the same constant from the initial and final energies still leaves them equal. Now
we transform to frame 2. Again, the effect is simply to change the initial and final energies by
adding the same constant.

Page 394, problem 16:

A conservation law is about addition: it says that when you add up a certain thing, the total
always stays the same. Funkosity would violate the additive nature of conservation laws, because
a two-kilogram mass would have twice as much funkosity as a pair of one-kilogram masses moving
at the same speed.

Solutions for chapter 15

Page 452, problem 8:

The pliers are not moving, so their angular momentum remains constant at zero, and the total
torque on them must be zero. Not only that, but each half of the pliers must have zero total
torque on it. This tells us that the magnitude of the torque at one end must be the same as
that at the other end. The distance from the axis to the nut is about 2.5 cm, and the distance
from the axis to the centers of the palm and fingers are about 8 cm. The angles are close
enough to 90° that we can pretend they’re 90 degrees, considering the rough nature of the other
assumptions and measurements. The result is (300 N)(2.5 cm) = (F)(8 cm), or ' =90 N.

Page 458, problem 46:

The foot of the rod is moving in a circle relative to the center of the rod, with speed v = 7b/T,
and acceleration v?/(b/2) = (n2/8)g. This acceleration is initially upward, and is greater in
magnitude than g, so the foot of the rod will lift off without dragging. We could also worry
about whether the foot of the rod would make contact with the floor again before the rod
finishes up flat on its back. This is a question that can be settled by graphing, or simply by
inspection of figure aj on page 431. The key here is that the two parts of the acceleration are
both independent of m and b, so the result is univeral, and it does suffice to check a graph in
a single example. In practical terms, this tells us something about how difficult the trick is to
do. Because 72/8 = 1.23 isn’t much greater than unity, a hit that is just a little too weak (by
a factor of 1.231/2 = 1.11) will cause a fairly obvious qualitative change in the results. This is
easily observed if you try it a few times with a pencil.

Answers to self-checks

Answers to self-checks for chapter 0
Page 13, self-check A:
If only he has the special powers, then his results can never be reproduced.

Page 15, self-check B:
They would have had to weigh the rays, or check for a loss of weight in the object from which
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they were have emitted. (For technical reasons, this was not a measurement they could actually
do, hence the opportunity for disagreement.)

Page 21, self-check C:

A dictionary might define “strong” as “possessing powerful muscles,” but that’s not an oper-
ational definition, because it doesn’t say how to measure strength numerically. One possible
operational definition would be the number of pounds a person can bench press.

Page 25, self-check D:
A microsecond is 1000 times longer than a nanosecond, so it would seem like 1000 seconds, or
about 20 minutes.

Page 26, self-check E:
Exponents have to do with multiplication, not addition. The first line should be 100 times
longer than the second, not just twice as long.

Page 29, self-check F:

The various estimates differ by 5 to 10 million. The CIA’s estimate includes a ridiculous number
of gratuitous significant figures. Does the CIA understand that every day, people in are born
in, die in, immigrate to, and emigrate from Nigeria?

Page 29, self-check G:
(1) 45 (2) 2; (3) 2

Answers to self-checks for chapter 1
Page 38, self-check A:

1yd? x (3 ft/1 yd)? = 9 ft>

1yd® x (3 ft/1 yd)? = 27 ft3

Page 44, self-check B:
C1/Co = (w1 /w2)*

Answers to self-checks for chapter 2

Page 63, self-check A:

Coasting on a bike and coasting on skates give one-dimensional center-of-mass motion, but
running and pedaling require moving body parts up and down, which makes the center of mass
move up and down. The only example of rigid-body motion is coasting on skates. (Coasting on
a bike is not rigid-body motion, because the wheels twist.)

Page 63, self-check B:
By shifting his weight around, he can cause the center of mass not to coincide with the geometric
center of the wheel.

Page 64, self-check C:
(1) a point in time; (2) time in the abstract sense; (3) a time interval

Page 66, self-check D:
Zero, because the “after” and “before” values of x are the same.

Page 71, self-check E:

(1) The effect only occurs during blastoff, when their velocity is changing. Once the rocket
engines stop firing, their velocity stops changing, and they no longer feel any effect. (2) It is
only an observable effect of your motion relative to the air.

Page 84, self-check F:
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At v=0, we get vy =1,s0t="T. There is no time distortion unless the two frames of reference
are in relative motion.

Answers to self-checks for chapter 3
Page 99, self-check A:
Its speed increases at a steady rate, so in the next second it will travel 19 cm.

Answers to self-checks for chapter 4

Page 131, self-check A:

(1) The case of p = 0 represents an object falling in a vacuum, i.e., there is no density of air.
The terminal velocity would be infinite. Physically, we know that an object falling in a vacuum
would never stop speeding up, since there would be no force of air friction to cancel the force of
gravity. (2) The 4-cm ball would have a mass that was greater by a factor of 4 x 4 x 4, but its
cross-sectional area would be greater by a factor of 4 x 4. Its terminal velocity would be greater
by a factor of \/43/4%2 = 2. (3) It isn’t of any general importance. It’s just an example of one
physical situation. You should not memorize it.

Page 134, self-check B:
(1) This is motion, not force. (2) This is a description of how the sub is able to get the water
to produce a forward force on it. (3) The sub runs out of energy, not force.

Answers to self-checks for chapter 5

Page 155, self-check A:

The sprinter pushes backward against the ground, and by Newton’s third law, the ground pushes
forward on her. (Later in the race, she is no longer accelerating, but the ground’s forward force
is needed in order to cancel out the backward forces, such as air friction.)

Page 162, self-check B:

(1) It’s kinetic friction, because her uniform is sliding over the dirt. (2) It’s static friction,
because even though the two surfaces are moving relative to the landscape, they’re not slipping
over each other. (3) Only kinetic friction creates heat, as when you rub your hands together. If
you move your hands up and down together without sliding them across each other, no heat is
produced by the static friction.

Page 163, self-check C:

By the POFOSTITO mnemonic, we know that each of the bird’s forces on the trunk will be of
the same type as the corresponding force of the tree on the bird, but in the opposite direction.
The bird’s feet make a normal force on the tree that is to the right and a static frictional force
that is downward.

Page 163, self-check D:

Frictionless ice can certainly make a normal force, since otherwise a hockey puck would sink
into the ice. Friction is not possible without a normal force, however: we can see this from the
equation, or from common sense, e.g., while sliding down a rope you do not get any friction
unless you grip the rope.

Page 164, self-check E:

(1) Normal forces are always perpendicular to the surface of contact, which means right or left
in this figure. Normal forces are repulsive, so the cliff’s force on the feet is to the right, i.e., away
from the cliff. (2) Frictional forces are always parallel to the surface of contact, which means
right or left in this figure. Static frictional forces are in the direction that would tend to keep

You can download this book for free, or buy a printed copy, at lightandmatter.com. It's available under the Creative
Commons Attribution-ShareAlike license, creativecommons.org/licenses/by-sa/1.0. (c) 1998-2010 Benjamin Crowell.



the surfaces from slipping over each other. If the wheel was going to slip, its surface would be
moving to the left, so the static frictional force on the wheel must be in the direction that would
prevent this, i.e., to the right. This makes sense, because it is the static frictional force that
accelerates the dragster. (3) Normal forces are always perpendicular to the surface of contact.
In this diagram, that means either up and to the left or down and to the right. Normal forces
are repulsive, so the ball is pushing the bat away from itself. Therefore the ball’s force is down
and to the right on this diagram.

Answers to self-checks for chapter 6

Page 191, self-check A:

The wind increases the ball’s overall speed. If you think about it in terms of overall speed,
it’s not so obvious that the increased speed is exactly sufficient to compensate for the greater
distance. However, it becomes much simpler if you think about the forward motion and the
sideways motion as two separate things. Suppose the ball is initially moving at one meter per
second. Even if it picks up some sideways motion from the wind, it’s still getting closer to the
wall by one meter every second.

Answers to self-checks for chapter 7
Page 203, self-check A:
v =Ar/At

Page 203, self-check B:

Page 208, self-check C:
A — B is equivalent to A + (—B), which can be calculated graphically by reversing B to form
—B, and then adding it to A.

Answers to self-checks for chapter 8

Page 218, self-check A:

(1) It is speeding up, because the final velocity vector has the greater magnitude. (2) The result
would be zero, which would make sense. (3) Speeding up produced a Av vector in the same
direction as the motion. Slowing down would have given a Av that pointed backward.

Page 219, self-check B:
As we have already seen, the projectile has a, = 0 and a, = —g, so the acceleration vector is
pointing straight down.

Answers to self-checks for chapter 9

Page 237, self-check A:

(1) Uniform. They have the same motion as the drum itself, which is rotating as one solid piece.
No part of the drum can be rotating at a different speed from any other part. (2) Nonuniform.
Gravity speeds it up on the way down and slows it down on the way up.

Answers to self-checks for chapter 10
Page 256, self-check A:
It would just stay where it was. Plugging v = 0 into eq. [1] would give F' = 0, so it would not
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accelerate from rest, and would never fall into the sun. No astronomer had ever observed an
object that did that!

Page 257, self-check B:

F o< mr/T? o< mr/(r®/?)? oc mr /r® = m, /12

Page 260, self-check C:

The equal-area law makes equally good sense in the case of a hyperbolic orbit (and observations
verify it). The elliptical orbit law had to be generalized by Newton to include hyperbolas. The
law of periods doesn’t make sense in the case of a hyperbolic orbit, because a hyperbola never
closes back on itself, so the motion never repeats.

Page 265, self-check D:

Above you there is a small part of the shell, comprising only a tiny fraction of the earth’s mass.
This part pulls you up, while the whole remainder of the shell pulls you down. However, the
part above you is extremely close, so it makes sense that its force on you would be far out of
proportion to its small mass.

Answers to self-checks for chapter 11

Page 296, self-check A:

(1) A spring-loaded toy gun can cause a bullet to move, so the spring is capable of storing energy
and then converting it into kinetic energy. (2) The amount of energy stored in the spring relates
to the amount of compression, which can be measured with a ruler.

Answers to self-checks for chapter 12

Page 320, self-check A:

Both balls start from the same height and end at the same height, so they have the same Ay.
This implies that their losses in potential energy are the same, so they must both have gained
the same amount of kinetic energy.

Answers to self-checks for chapter 13
Page 334, self-check A:

Work is defined as the transfer of energy, so like energy it is a scalar with units of joules.

Page 337, self-check B:

Whenever energy is transferred out of the spring, the same amount has to be transferred into
the ball, and vice versa. As the spring compresses, the ball is doing positive work on the spring
(giving up its KE and transferring energy into the spring as PE), and as it decompresses the
ball is doing negative work (extracting energy).

Page 340, self-check C:

(a) No. The pack is moving at constant velocity, so its kinetic energy is staying the same. It
is only moving horizontally, so its gravitational potential energy is also staying the same. No
energy transfer is occurring. (b) No. The horse’s upward force on the pack forms a 90-degree
angle with the direction of motion, so cosf = 0, and no work is done.

Page 343, self-check D:
Only in (a) can we use F'd to calculate work. In (b) and (c), the force is changing as the distance
changes.

Answers to self-checks for chapter 14
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Page 387, self-check A:
When m = 0, we have E' = p (or E = pc, in units with ¢ # 1), which is what we expect.

Answers to self-checks for chapter 15

Page 409, self-check A:

1, 2, and 4 all have the same sigm, because they are trying to twist the wrench clockwise. The
sign of torque 3 is opposite to the signs of the others. The magnitude of torque 3 is the greatest,
since it has a large r, and the force is nearly all perpendicular to the wrench. Torques 1 and 2
are the same because they have the same values of r and F'|. Torque 4 is the smallest, due to
its small 7.

Page 420, self-check B:

One person’s -t graph would simply be shifted up or down relative to the others. The derivative
equals the slope of the tangent line, and this slope isn’t changed when you shift the graph, so
both people would agree on the angular velocity.

Page 422, self-check C:

Reversing the direction of w also reverses the direction of motion, and this is reflected by the
relationship between the plus and minus signs. In the equation for the radial acceleration, w is
squared, so even if w is negative, the result is positive. This makes sense because the acceleration
is always inward in circular motion, never outward.

Page 434, self-check D:
All the rotations around the z axis give w vectors along the positive x axis (thumb pointing along
positive x), and all the rotations about the y axis have w vectors with positive y components.

Page 437, self-check E:
For example, if we take (A xB), = A,B, — B, A, and reverse the A’s and B’s, we get (Bx A), =
ByA, — AyB., which is just the negative of the original expression.

Answers to self-checks for chapter 17

Page 486, self-check A:

The two graphs start off with the same amplitude, but the solid curve loses amplitude more
rapidly. For a given time, ¢, the quantity e~ is apparently smaller for the solid curve, meaning
that ct is greater. The solid curve has the higher value of c.

Page 492, self-check B:

She should tap the wine glasses she finds in the store and look for one with a high @, i.e., one
whose vibrations die out very slowly. The one with the highest @) will have the highest-amplitude
response to her driving force, making it more likely to break.

Answers

Answers for chapter 1

Page 53, problem 10:

Check: The actual number of species of lupine occurring in the San Gabriels is 22. You should
find that your answer comes out in the same ballpark as this figure, but not exactly the same,
of course, because the scaling rule is only a generalization.

Answers for chapter 6
Page 199, problem 5:
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(a) R=(20v?/g)sinfcosf (c) 45 °

Page 199, problem 5:
(a) R = (2v%/g)sinfcosf (c) 45 °

Answers for chapter 7

Page 214, problem 6:

(a) The optimal angle is about 40°, and the resulting range is about 124 meters, which is about
the length of a home run. (b) It goes about 9 meters farther. For comparison with reality, the
stadium’s web site claims a home run goes about 11 meters farther there than in a sea-level
stadium.

Page 214, problem 6:

(a) The optimal angle is about 40°, and the resulting range is about 124 meters, which is about
the length of a home run. (b) It goes about 9 meters farther. For comparison with reality, the
stadium’s web site claims a home run goes about 11 meters farther there than in a sea-level
stadium.

Answers for chapter 17
Page 503, problem 6:

Q=1/v2
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acceleration, 101
as a vector, 218
constant, 108
definition, 108
negative, 104
alchemists, 287
alchemy, 13
amplitude
defined, 466
peak-to-peak, 467
related to energy, 483
angular acceleration, 421
angular frequency, 465
angular momentum
choice of axis theorem, 406, 446
defined, 399
definition, 400
introduction to, 397
related to area swept out, 403
spin theorem, 406, 446
angular velocity, 420
area
operational definition, 37
scaling of, 39
astrology, 13

Bacon, Francis, 17
Big Bang, 269
black hole, 325
Brahe, Tycho, 254

calculus

with vectors, 222
cathode rays, 15
causality, 75
center of mass, 60

frame of reference, 377

motion of, 61

related to momentum, 375
center-of-mass motion, 61
centi- (metric prefix), 20
Chadwick, James

discovery of neutron, 373
choice of axis theorem, 406
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proof, 446
circular motion, 235
inward force, 241
no forward force, 241
no outward force, 241
nonuniform, 237
uniform, 237
CMB, 270
coefficient of kinetic friction, 163
coefficient of static friction, 162
collision
defined, 370
comet, 463
component
defined, 193
conduction of heat
distinguished from work, 334
conversions of units, 26
coordinate system
defined, 66
Copernicus, 69
correspondence principle, 291
defined, 75
for time dilation, 75
cosmic microwave background, 270
cosmological constant, 269
cross product, 435

damped oscillations, 484
dark energy, 269
Darwin, 16

decibel scale, 484

delta notation, 64

Dialogues Concerning the Two New Sciences,

40
dot product of two vectors, 341
driving force, 487

eardrum, 487
Einstein, Albert, 464
electrical force

in atoms, 373
electron, 373
element, chemical, 288
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elliptical orbit law, 442 gamma rays, 15

energy garage paradox, 86
distinguished from force, 133 grand jete, 61
gravitational potential energy, 318 graphs
potential, 316 of position versus time, 67
related to amplitude, 483
equilibrium Halley’s Comet, 463
defined, 414 heat
cther, 88 as a fluid, 314
as a form of kinetic energy, 314
falling objects, 97 heat conduction
Feynman, 100 distinguished from work, 334
Feynman, Richard, 100 high jump, 63
force homogeneity of spacetime, 80
analysis of forces, 166 Hooke’s law, 172, 468
Aristotelian versus Newtonian, 120 hypothesis, 12
as a vector, 221
contact, 122 inertia, principle of, 71
distinguished from energy, 133 infinitesimal number, 65
frictional, 161 Ives-Stilwell experiment, 305

gravitational, 161
net, 124
noncontact, 122

joule (unit), 292
Joyce, James, 314

normal, 160 Kepler

positive and negative signs of, 123 elliptical orbit law, 442

transmission, 169 law of equal areas, 403
forces Kepler’s laws, 254, 255

classification of, 157 elliptical orbit law, 255
four-vector, 351 equal-area law, 255
frame of reference law of periods, 255, 257

defined, 66 Kepler, Johannes, 254

inertial kilo- (metric prefix), 20

in Newtonian mechanics, 136 kilogram, 22

rotating, 236 kinetic energy, 297
French Revolution, 20 compared to momentum, 368
frequency

angular, 465 Laplace, 14

defined, 465 Leibniz, Gottfried, 65
friction lever, 418

fluid, 165 light, 14

kinetic, 161, 162 Lorentz transformation, 81

static, 161, 162 Lorentz, Hendrik, 81
fulecrum, 418 .
full width at half-maximum, 492 magnitude of a vector
FWHM, 492 defined, 202

matter, 14

Galileo, 472 mega- (metric prefix), 20
Galileo Galilei, 39 meter (metric unit), 21
gamma ray, 373 metric system, 20
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prefixes, 20
Michelson-Morley experiment, 88
micro- (metric prefix), 20
microwaves, 15
milli- (metric prefix), 20
mks units, 22
model
scientific, 161
models, 61
moment of inertia, 423
tabulated for various shapes, 430
momentum
compared to kinetic energy, 368
defined, 365
examples in three dimensions, 380
of light, 368
rate of change of, 378
related to center of mass, 375
transfer of, 378
motion
periodic, 465
rigid-body, 59
types of, 59
Muybridge, Eadweard, 215

nano- (metric prefix), 20
Neanderthals, 419
neutron

discovery of, 373
Newton

first law of motion, 123, 142

second law of motion, 127
Newton’s laws of motion

in three dimensions, 195
Newton’s third law, 154
Newton, Isaac, 20

definition of time, 23
nucleus, 373

operational definition
acceleration, 105
energy, 301
power, 301
operational definitions, 21
order-of-magnitude estimates, 47
oscillations
damped, 484

parabola

motion of projectile on, 194
parallel axis theorem, 425, 447, 455
particle zoo, 313
Pauli exclusion principle, 16
period

defined, 465

of uniform circular motion, 242
perpetual motion machine, 175, 288
physics, 14
pitch, 463
POFOSTITO, 156
Pope, 40
positron, 324
potential energy

electrical, 320

gravitational, 318, 345

nuclear, 321

of a spring, 344

related to work, 344
power, 299
projectiles, 194
proton, 373
pulley, 172

quarks, 314

radial component

defined, 244
radio waves, 15
reductionism, 17
Renaissance, 11
resonance

defined, 489
RHIC accelerator, 85
rigid rotation

defined, 399
Robinson, Abraham, 65
rotation, 59

scalar
defined, 202
scalar (dot) product, 341
scale height of atmosphere, 140
scaling, 39
scientific method, 12
second (unit), 21
shell theorem, 264
proof, 270
SI units, 22
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significant figures, 28
simple harmonic motion
defined, 469
simple machine
defined, 172
slam dunk, 61
slingshot effect, 377
spin theorem, 406
proof, 446
spring
potential energy of, 344
work done by, 344
spring constant, 172
Stanford, Leland, 215
statics, 414
steady-state behavior, 488
Stevin, Simon, 291
strain, 171
Swift, Jonathan, 39
swing, 487

temperature
as a measure of energy per atom, 315
tension, 170
theory, 12
thermodynamics, 315
time
duration, 64
point in, 64
torque
defined, 407
due to gravity, 410
related to force, 439
relationship to force, 408
transmission of forces, 169
triangle inequality, 351
tuning fork, 467
twin paradox, 351

unit vectors, 208
units, conversion of, 26

vector
acceleration, 218
addition, 202
defined, 202
force, 221
four-vector, 351
magnitude of, 202

velocity, 216
vector cross product, 435
vector product, cross, 435
velocity
addition of, 72
as a vector, 216
negative, 72
volume
operational definition, 37
scaling of, 39
Voyager space probe, 94

watt (unit), 300
weight force
defined, 122
relationship to mass, 130
work
defined, 334
distinguished from heat conduction, 334
done by a spring, 344
done by a varying force, 343, 464, 467
in three dimensions, 339
positive and negative, 337
related to potential energy, 344
work-kinetic energy theorem, 347

x-rays, 15

Young’s modulus, 185
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Trig Table

f sind cosf tanf # sinfd cosf tand @ sinf cosf tan 6
0° 0.000 1.000 0.000 30° 0.500 0.866 0.577 60° 0.866 0.500 1.732
1° 0.017 1.000 0.017 31° 0.515 0.857 0.601 61° 0.875 0.485 1.804
2° 0.035 0.999 0.035 32° 0.530 0.848 0.625 62° 0.883 0.469 1.881
3° 0.052 0.999 0.052 33° 0.545 0.839 0.649 63° 0.891 0.454 1.963
4° 0.070 0.998 0.070 34° 0.559 0.829 0.675 64° 0.899 0.438  2.050
5° 0.087 0.996 0.087 35° 0.574 0.819 0.700 65° 0.906 0.423 2.145
6° 0.105 0.995 0.105 36° 0.588 0.809 0.727 66° 0.914 0.407 2.246
7° 0.122 0.993 0.123 37° 0.602 0.799 0.754 67° 0921 0.391 2.356
8° 0.139 0.990 0.141 38° 0.616 0.7838 0.781 68° 0.927 0.375 2475
9° 0.156 0.988 0.158 39° 0.629 0.777 0.810 69° 0.934 0.358 2.605
10° 0.174 0.985 0.176 40° 0.643 0.766 0.839 70°  0.940 0.342  2.747
11° 0.191 0.982 0.194 41° 0.656 0.755 0.869 71° 0.946 0.326 2.904
12° 0.208 0.978 0.213 42° 0.669 0.743 0.900 72° 0.951 0.309 3.078
13° 0.225 0.974 0.231 43° 0.682 0.731 0.933 73° 0.956 0.292 3.271
14° 0.242 0.970 0.249 44° 0.695 0.719 0.966 74° 0.961 0.276  3.487
15° 0.259 0.966 0.268 45° 0.707 0.707 1.000 75°  0.966 0.259 @ 3.732
16° 0.276 0.961 0.287 46° 0.719 0.695 1.036 76°  0.970 0.242 4.011
17° 0.292 0.956 0.306 47° 0.731 0.682 1.072 77° 0974 0.225  4.331
18° 0.309 0.951 0.325 48° 0.743 0.669 1.111 78° 0.978 0.208 4.705
19° 0.326 0.946 0.344 49° 0.755 0.656 1.150 79° 0.982 0.191 5.145
20° 0.342 0.940 0.364 50° 0.766 0.643 1.192 80° 0.985 0.174 5.671
21° 0.358 0.934 0.384 51°  0.777 0.629 1.235 81° 0.988 0.156 6.314
22°  0.375 0.927 0.404 52° 0.788 0.616 1.280 82° 0.990 0.139 7.115
23° 0.391 0.921 0.424 53° 0.799 0.602 1.327 83° 0.993 0.122 8.144
24° 0.407 0.914 0.445 54° 0.809 0.588 1.376 84° 0.995 0.106 9.514
25°  0.423 0.906 0.466 55° 0.819 0.574 1.428 85° 0.996 0.087 11.430
26° 0.438 0.899 0.488 56° 0.829 0.559 1.483 86° 0.998 0.070 14.301
27° 0.454 0.891 0.510 57° 0.839 0.545 1.540 87° 0.999 0.052 19.081
28° 0.469 0.883 0.532 58° 0.848 0.530 1.600 88° 0.999 0.035 28.636
29° 0.485 0.875 0.554 59° 0.857 0.515 1.664 89° 1.000 0.017 57.290
90° 1.000 0.000 o0
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Mathematical Review

Algebra Properties of the derivative and integral (for

Quadratic equation: students in calculus-based courses)

The solutions of az2 + bz + ¢ — 0 Let f and g be functions of x, and let ¢ be a con-
are & — —btvb?—dac stant.

2a

Logarithms and exponentials: Linearity of the derivative:

d _df
In(ab) = Ina + Inb ) =g
at+b _ _a b
e =e% i(f e ﬂ %
Ine® — e — o dx 9= dz dzx
The chain rule:
In(a®) =blna
d / /
Geometry, area, and volume @f(g(x)) = f'(g9(z))g ()
area of a triangle of base b and height h = %bh o )
circumference of a circle of radius r = 9xr  Derivatives of products and quotients:
area of a circle of radius r = 12
surface area of a sphere of radius r = 4772 d df d
1 f a sphere of radi = imp3 = (fg) =g+ 2t
volume of a sphere of radius r = 37 dz dz dz
Trigonometry with a right triangle
a4 (f) _f e
o = opposite dr \ g g 92
side
Some derivatives:
a = adjacent side %xm =ma™ !, except for m =0
1, Sinx = cosx di cosx = —sinx
sind =o/h cosf =a/h tanf =o/a diexzez Ling=1
T dx T

The fundamental theorem of calculus:
Pythagorean theorem: A% = a2 + 0>

i . . df
Trigonometry with any triangle / adﬂv =f

Linearity of the integral:

/cf(gc)dx - c/f(x)dx

sina _sinf _ sing /[f(w)-i—g(x)] z/f(x)dx—i—/g(x)da:

Law of Sines:

A B C

Integration by parts:
Law of Cosines:

C? = A* 4+ B*> —2ABcosy /fd9=fg—/gdf
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Useful Data

Metric Prefixes

M- mega-
k- kilo-
m- milli-
p- (Greek mu)  micro-
n- nano-
p- pico-
f- femto-

108
10°
10—3
10~
107°
10—12
10—15

(Centi-, 1072, is used only in the centimeter.)

The Greek Alphabet

nu
xi
omicron
pi

rho
sigma
tau
upsilon
phi

chi

psi
omega

Subatomic Particles

a A alpha v N
B8 B Dbeta & E
v I’ gamma | o O
6 A delta m 1II
e E epsilon | p P
¢ 7Z  zeta o X
n H eta T T
0 © theta v Y
A | iota ¢ @
k K  kappa x X
A A lambda | v W
M mu w
particle mass (kg)

electron  9.109 x 103!
proton 1.673 x 1027
neutron 1.675 x 10727

radius (fm)
<0.01

~ 1.1

~ 1.1

The radii of protons and neutrons can only be given approx-

imately, since they have fuzzy surfaces. For comparison, a

typical atom is about a million fm in radius.

Notation and Units

quantity

distance

time

mass

density

velocity
acceleration

force

pressure

energy

power

momentum
angular momentum
period

wavelength
frequency

gamma factor
probability

prob. distribution
electron wavefunction

unit

meter, m
second, s
kilogram, kg
kg/m?

m/s

m/s?

N = kg-m/s?
Pa=1 N/m?
J =kg-m?/s?
W=11J/s
kg-m/s
kg-m?/s or J-s
S

m

s™! or Hz
unitless
unitless

various
m—3/2

symbol

KO =>30T v e < 3

Earth, Moon, and Sun

body mass (kg)
earth  5.97 x 10%*
moon  7.35 x 10%?
sun 1.99 x 10%°

radius (km)
6.4 x 10®
1.7 x 103
7.0 x 10°

radius of orbit (km)
1.49 x 108
3.84 x 10°

Fundamental Constants

gravitational constant
Coulomb constant
quantum of charge
speed of light
Planck’s constant

G = 6.67 x 107" N-m?/kg?

kE =8.99 x 10°
e=1.60 x 10~
c¢=3.00 x 10®

N.m?/C?
19 C

m/s

h=6.63x107%* J-s
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