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1. Why Physics?

1.1 Introduction

The reason we study physics is because of the way physics is able to identify
and use a small set of powerful ideas to make testable predictions. These
ideas consist of scientific laws and theories.

WHAT’S THE DIFFERENCE BETWEEN A SCIENTIFIC LAW AND A SCIENTIFIC
THEORY?

A scientific law is based upon observations of nature and does not attempt
to explain why the relationship is the way it is. A scientific theory ezplains
the relationships that a scientific law describes.!

For example, while I was growing up I noticed that the price of a stamp
always equaled my age. When [ was six, the price of a stamp was six cents.
When I was eight, the price of a stamp was eight cents. While I was ten, the
price of a stamp increased to ten cents.! I did not know why this was. It
just was a “law” that the stamp price seemed to follow. I had no “theory”
for why this was.

The most powerful scientific laws and theories are those that have been thor-
oughly tested and can be applied to a large number of situations. In this
way, the scientific definition of a theory differs from how the general popula-
tion uses the term. Many people outside of science use the word “theory” to
refer to a guess. That is not the way we use the term in science.' Section 3
provides more information about laws and how they differ from theories.

HOwW MANY SCIENTIFIC LAWS ARE THERE?

IThis distinction is not universal but tends to be true in general.

iThis continued up to age 32. Alas, the price of a stamp didn’t increase to 33 cents
until T was 35.

i A scientific hypothesis is more similar to a guess, in that a hypothesis is a tentative
relationship and explanation. A scientific hypothesis is testable, though, so it is not simply
a guess. Further complicating matters is the use of the statistical hypothesis, which is
pretty much just a prediction, not a tentative relationship or explanation.
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There can be many, many laws, but we’ll focus mainly on just a couple, of
which the law of force and motion is the main one.

1.2 Why study scientific laws and theories?

Scientific laws, like scientific theories, are powerful because we can use them
to make a prediction.

In other words, rather than use a new relationship for each problem we
encounter, we can focus on a small set of relationships, which can then be
used for every problem.

WHY IS IT IMPORTANT TO LEARN HOW TO APPLY THESE SMALL SET OF
RELATIONSHIPS, RATHER THAN JUST USE A NEW RELATIONSHIP FOR EACH
PROBLEM WE ENCOUNTER?

To appreciate the value of our approach, consider the following scenario:

Suppose you anticipate getting a job that requires you to get
around a region where GPS is not available. You decide to take
a class that will teach you how to do this.

Two sections of the course are being offered. One section
consists of a series of lectures on how to get to various locations
in the region. During the first lecture, the instructor describes
the route one must take to get to a particular location. All of the
steps are written on the board, which the students dutifully copy
and try to memorize. The next lecture, the instructor describes
the route one must take to get to another particular location.
This continues, with each lecture being dedicated to memorizing
a route to a particular location.

In the other section, the students are provided with a map of
the entire region. A series of activities are utilized to familiarize
the students with the map, the conventions used with the map,
and how the map is best utilized to determine the appropriate
route. Lectures focus on how to use the map in various situations.

Most people would choose the second section because it requires less memo-
rization and is more powerful and universal.
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With the first course, students will learn lots of routes. However, they need
to memorize them, and it simply isn’t possible to memorize every possible
route. Even a subset is difficult to remember unless used soon after the
course ends. Furthermore, if a route has changed since the course was taken,
there is no way for the student to figure out an alternate route.

With the second course, on the other hand, students will learn how to deter-
mine the best route to any location. While they may not learn any particular
route, using a map is a much more powerful technique over the long term,
since it can be used for almost every possible route.

SO WHAT DOES THE STORY HAVE TO DO WITH SCIENTIFIC LAWS?

Scientific laws, like maps, are powerful in the sense that they can be applied
to a variety of situations. The more general they are, the more powerful
they are. The sample we’ll use here can be applied to practically all of the
situations we’ll examine.

The specific routes described in the story are analogous to problems in
physics. Each problem represents a particular destination. Meanwhile, the
map is analogous to the law of force and motion.

Rather than memorize how to solve each particular problem, in this course
you will learn the underlying idea (represented by the law of force and mo-
tion) so you can solve a much wider range of problems.

For example, the same basic principles used to predict the motion of a falling
rock can also be used to predict the energy released in a chemical reaction
like combustion or even a nuclear reaction like fission.

We must start with baby steps, however, which means that for much of this
volume, the examples will be very simple. Since the complications are often
the things that make situations interesting, things will get more interesting
in the second volume when more complicated situations are examined.

Albert Einstein suggested that scientific laws are like tall buildings. Just
as a tall building allows us to see the roofs of many other buildings,
these laws allow us to solve many problems. In addition, just as a taller
building can bring into view buildings that we had not seen before, these
laws provide insight into more than just the problem that provided the
impetus for identifying the law in the first place.

WHAT IF WE ONLY HAD A COUPLE OF SITUATIONS TO WORRY ABOUT?

T Scientific laws are
valuable because
of their generality;
they can be applied
to a wide range
of phenomena and
circumstances.
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If we were sure that we’d encounter only one specific situation then, yes, it
would probably be more efficient to simply memorize how to solve problems
involving that one situation. In a similar way, you don’t need to learn how
to read maps if all you need is to get from home to school and back (and the
route never changes).

However, if we can master this set of scientific laws and definitions, we can
then solve problems involving lots of situations.

If you are only interested in a few specific things then you may become
frustrated with the process we’ll be following. Keep in mind that not ev-
#| eryone in the class is only interested in the same things you are interested
in. Your patience is appreciated. And, along the way, you may come to
appreciate the power and elegance of physics.

WHAT USE IS THIS TO ME IF I AM NOT GOING TO BE A PHYSICIST?

By mastering the ability to apply a small set of ideas to a large array of
problems; you’ll obtain a very powerful skill set that is useful in all science
areas, not just physics.

In this class, our context will be on the law of force and motion basically
because it is a relatively simple relationship and can be applied to such a
large array of situations. For example, it can be used not only to predict the
motion of a ball but it can also be used to predict the motion of an atom or
even your blood as it moves through veins and arteries. The law can thus be
used to predict whether a bone will break, how fast an animal can move and
how much energy can be produced by photosynthesis.

DOES PHYSICS CONSIST OF LEARNING ABOUT BLOOD AND BONES?

Not really. While physics can certainly be applied to situations in the life
sciences as well as the earth and space sciences, rigorous examinations of
such phenomena require ideas outside what is traditionally considered to be
physics (which is why you also take courses in other subjects).

In addition, not everyone taking a physics class has the same needs in terms
of the phenomena they are interested in. Instead of covering every possible
situation, physics classes tend to focus on a few ideas that are very general
and, as such, can be applied to a wide range of phenomena and circumstances.

For example, in volume I you learn how to apply the law of force and motion
to a variety of situations, but the goal is not simply to learn about the law of
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force and motion. Instead, it is to learn how to apply general ideas to specific
situations. The law of force and motion is simply the context in which we
develop that skill.

v’ Checkpoint 1.1: Which type of course do you need in physics: one where
you memorize how to solve every possible problem you might encounter, or
one where you learn how to use general laws and definitions for a wide variety
of phenomena? If you don’t know why you are taking this course, first talk
to your advisor and ask them why.

Summary

This chapter examined the purpose of this course and the value of learning
and applying scientific laws and definitions. The main point of this section
is that scientific laws and theories are valuable because of their generality;
they can be applied to a wide range of phenomena and circumstances.

Frequently Asked Questions

WHY DO I NEED TO LEARN HOW TO DO PHYSICS?
See section 1.2.
Do I NEED TO BE GOOD AT MATH TO DO PHYSICS?

The physics provides a motivation to use math, and the math provides a way
to gain insight into the physics. So, it certainly helps to be good at math.
However, this book is written in a way that allows you to develop your skills
gradually.

The most crucial pre-requisite math skill to have is the ability to understand
and utilize ratios and proportions. For example, trigonometry is delayed
until near the end of volume I and even trigonometry is just a matter of
ratios and proportions. There is a lot you can do with a strong conceptual
understanding.!’

VT've noticed that students weak at math tend to be good at understanding concepts.
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On the other hand, the purpose of this book is to teach you physics, not
math. If you are very weak at math, particularly algebra and ratios, that
will likely cause problems eventually. You’ll likely be better off strengthening
your math skills before taking on this course.

WHY IS IT THAT PEOPLE COMPLAIN ABOUT PHYSICS BEING DIFFICULT?

Physics is difficult only if you focus on the equations (rather than the con-
cepts) and on memorizing answers to problems. If you are used to such
memorization, you are not alone. Many courses inadvertently encourage this
memorization. To illustrate, consider how you might approach a question
in a typical exam. In many subjects, you are expected to recognize each
problem or question as soon as you read it and remember the answer to it
(perhaps from your notes or from the book). Does that seem familiar?

That is not the case with physics. In physics, you are not expected to know
the answer right away. Instead, you are expected to first figure out how
to answer the question based upon clues provided within the question or
problem. Only after you have figured out how to answer the question can
you then answer the question.

For example, suppose you want to predict whether four inches of bubble-
wrap is sufficient to protect you from a fall out of a third story window.
Don’t panic if you have never seen this question before. First consider what
is relevant. Is it relevant to consider what color the bubble-wrap is? What
about the air pressure? How about your weight?

These are not simple questions (well, maybe the color one is) and they can
be very difficult to answer if you don’t have a firm foundation in physics, and
in the laws of force and motion in particular. Remember, knowing physics is
supposed to make it easier to solve the problems, not harder.

However, these same students mistakenly rely on their shaky understanding of math rather
than on their strong conceptual understanding. Suppose you are in a ship that has a lot of
holes and in danger of sinking. You need both putty and tape to fix the holes. You have
lots of tape on board but not much putty. What would you do? Using only the putty is
like relying on your math weakness to solve physics problems. Your boat will sink that
way. Use what you have, while working to strengthen what you don’t have.
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Terminology

Hypothesis Prediction Theory
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2. Objects on Inclines

Puzzle #2: In every problem involving
surfaces up to now, the surface was hor- &
izontal. How does our approach change

if the object is on an inclined surface,
as shown in the picture?

Introduction

This chapter examines situations that involve objects on inclined surfaces.
We already know enough physics and mathematics to solve such problems.
Basically, we first use trigonometry on those vectors that aren’t aligned with
the vertical and horizontal directions. We then solve the problem using the
physics, with vertical components treated separately from horizontal compo-
nents.

However, this process is rather difficult when dealing with inclines.

One reason it is difficult is that for an object on an incline, only the gravi-
tational force will be aligned with one of the component directions (vertical
in this case). The surface repulsion force and the friction force will not be.
That means that we have to use trigonometry on more than just one force.

A second, and more important, reason is that if there is a force imbalance
on the object, it will likely be directed parallel to the inclined surface. And,
since the surface is not horizontal, that means both the horizontal expression
and the vertical expression will involve a force imbalance of some kind.

In this chapter, we examine two ways of addressing these issues so that the
problem is easier to solve.
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2.1 Tilted component directions

As mentioned in the introduction, the physics doesn’t change when dealing
with objects on inclined surfaces. We still have the law of force and motion
and the surface repulsion force still has the same properties as before (i.e.,
just enough to prevent the object from passing through the surface).

The only thing we do differently is use component directions that are parallel
and perpendicular to the surface, rather than component directions that are
vertical and horizontal.

CAN WE DO THAT?

Yes. There is nothing special about using vertical and horizontal as our
component directions.! We should choose whatever component directions
make our lives easier, as long as they are perpendicular to each other. And,
in this case, we can bypass the two issues identified in the introduction by
using component directions that are parallel and perpendicular to the surface.

To illustrate what I mean, consider the block on an inclined frictionless sur-
face drawn in Figure 2.1. In part (a), I draw the block and the incline, along
with arrows for the two forces acting on the block.

The gravitational force is downward, toward the center of Earth, as always.
The surface repulsion force is directed away from, and perpendicular to, the
surface as always.

Note that the surface repulsion force is not always directed opposite the
gravitational force. The direction of the surface repulsion force is normal
#| (perpendicular) to the surface, as the surface prevents the object from
seeping into the surface. The surface repulsion force is directed upwards
only if the surface is horizontal and the object is on top of the surface.

In parts (b) and (c) of the figure, I draw the force diagram for the block along
with dashed lines to represent the two perpendicular component directions.
The only difference is that in part (b) the directions are horizontal and ver-
tical, while in part (c) the directions are parallel and perpendicular to the
surface.

iIn fact, there is nothing special about using east-west and north-south as our compo-
nent directions, either, except that they are perpendicular.



2.1. TILTED COMPONENT DIRECTIONS 11

@ (b) (©

Fn Fn
N\
\\
1 S S
)
1
1
1
¢ ¢ g
g g g

Vv Vv Vv

Figure 2.1: (a) A block on an inclined frictionless surface; (b) force diagram
with horizontal and vertical component directions; (c) force diagram with
surface parallel and surface perpendicular component directions.

Our choice of component directions does not change the physics. All it does
is change the math. Indeed, all vector quantities are unchanged — they are
just represently differently in terms of perpendicular components.

And, in terms of the math, the component directions in (b) mean that we
need to use trigonometry on the surface repulsion force, since that force is not
aligned with our component directions. On the other hand, the component
directions in (¢) mean that we need to use trigonometry on the gravitational
force.

Based on just this difference, there is not any advantage to using the
component directions shown in (c¢). However, as mentioned in the previ-
ous section, the force imbalance (net force), if any, will be directed along
the surface and it is a good idea to choose component directions such
that one aligns with the force imbalance direction. The choice shown in
(c) fits that criterion.

Let’s see how the orientation choice influences our trigonometry. For the
purpose of our analysis, I'll suppose the surface is inclined at 20 degrees
above the horizontal.

¢ The orientation
of the component
directions only
changes the math,
not the physics.
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e Vertical and horizontal

With the vertical and horizontal component directions, as indicated in
part (b), we would need to use trigonometry on the surface repulsion force.
That force is directed between upward and rightward, giving us two surface
repulsion force components: an upward component and a rightward com-
ponent. Furthermore, since the surface repulsion force is directed closer
to vertical than horizontal, we expect the vertical component to be larger
than the horizontal component.

Taking the sine and cosine of 20°, I get 0.342 and 0.940. The cosine, being
larger, must correspond to the upward component.

So, whatever the surface repulsion force magnitude, we’d multiply that by
the sine or cosine fractions to get the upward and rightward components of
the surface repulsion force. We could then carry out the physics as needed,
vertically and horizontally.

e Tilted component directions

With the component directions indicated in part (c), parallel and perpen-
dicular to the surface, we would need to use trigonometry on the gravita-
tional force. That force is directed between “into the surface” and “down
along the surface”, giving us two gravitational force components: a com-
ponent into the surface and a component down the incline. Furthermore,
since the gravitational force is directed closer to “into” than “along,” we
expect the component into the surface to be larger.

Again, taking the sine and cosine of 20°as before, I get 0.342 and 0.940.
The cosine, being larger, must be the component into the surface.

Whatever the magnitude of the gravitational force, we’d multiply that by
the sine or cosine fractions to get the “into” and “along” components of
the gravitational force. We could then carry out the physics as needed,
along the two tilted component directions as shown in part (c).

v’ Checkpoint 2.1: Consider the block on an incline that is oriented at an
angle of 60 degrees above the surface, as illustrated below.
(a) Using the component directions in (c), which trigonometric function
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would provide the component of the gravitational force that is “into” the sur-
face: the sine of 60 degrees or the cosine of 60 degrees? Why?

(b) Suppose a horizontal force was exerted on the block directly leftward. Us-
ing the component directions in (c), which trigonometric function would pro-
wide the component of that force that is “into” the surface: the sine of 60
degrees or the cosine of 60 degrees? Why?
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2.2 Using the hat notation

One of the things that makes inclines a bit difficult is that there are multiple
directions of interest. Not only do we have vertical forces (like gravity), but
we also have forces that are parallel to the inclined surface (like friction) and
forces that are perpendicular to the inclined surface. We also specify the
angle of the incline relative to the horizontal direction. Consequently, we
have four different directions we have to pay attention to.

To distinguish between the various directions, I'll use letters for the various
directions and, to make it clearer that the letter refers to a direction rather
than a unit or variable, I'll include a little caret on them. For example, I'll
use & to refer to the z direction or N to indicate “northward.” In that way,

you won'’t confuse the letter with a variable (as with x) or a unit (as with
N).



* Just as in one di-
mension, if two di-
rections are oppo-
site, they have oppo-
site signs. So, the &
direction is opposite
the —2 direction.
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For example, in the figure I've used 4 and 7 to in- ){?

dicate the two perpendicular directions, one par- )

allel to the inclined surface and another perpen- N

dicular to the inclined surface. The caret or “hat” N

always goes on top of the letter, regardless of o SO

what the direction actually is (i.e., the hat on top L x
doesn’t necessarily mean the direction is “toward K

the top of the page”).

Ir gj IS DEFINED AS A PARTICULAR DIRECTION, WHAT SYMBOL DO WE USE
FOR THE OPPOSITE DIRECTION?

Just as before, we use the negative sign to indicate an opposite direction.!
For example, if y is defined as “up” then —y means “down.”

When dealing with a component of a vector value, like the horizontal
#y| component of the velocity, I've used the letter as a subscript but without
the hat (e.g., v.).

v Checkpoint 2.2: On or near Farth’s surface, the gravitational force on a
2-kg object is 19.6 N downward. Suppose we set y to be upward. In terms of
U, what is the direction of the gravitational force on the object?

2.3 Without friction

In this section, we consider situations where the surface is frictionless. To
illustrate, consider the following situation:

A 10-kg block is on a frictionless surface that is inclined at an an-
gle of 20°(above the horizontal). By how much does the velocity
of the box change during 2 seconds of its motion?

This is, perhaps, the classic problem in physics. It is a classic problem in
physics because it looks complicated at first glance but, using what we know

T suppose you could assign a new letter to mean “down” but there is no reason to do
that when we already have a way to indicate opposite directions: using negative signs.
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about the surface repulsion force and the law of force and motion, we can
answer it quite easily (with a little trigonometry thrown in).

We start with the physics.

There are two forces acting on the block: the gravitational force (directed
downward) and the surface repulsion force (directed perpendicular to and
away from the surface). The force diagram is shown in Figure 2.1 (on page
11).

There will be a force imbalance on the block because the two forces are not
directly opposite in direction. In this case, there is an unbalanced portion
of the gravitational force pushing the block down along the surface. As
described by the law of force and motion, the force imbalance is associated
with the moving along the incline (slowing on the way up or speeding up on
the way down).

Next, we do the trigonometry on the forces that are not aligned with our
component directions. In this case, we will use component directions that
are parallel and perpendicular to the surface, as in Figure 2.1(c).

I'm using & and ¢ to refer to the directions “down the incline” and “away
from the surface”. As mentioned earlier, I could use any two letters, not
just x and y, but I'm lazy so I tend to use the same letters over and
over again. While it is quite common to represent “rightward” as the x
direction, there is nothing stopping us from using Z to represent some
other direction.

Using the component directions in Figure 2.1(c) means that the gravita-
tional force is at an angle, relative to our tilted component directions. The
gravitational force is directed between —¢ (into the surface) and & (down
along the surface) so we’ll replace it with two perpendicular forces: one in
the —y direction and one in the # direction. Furthermore, since the grav-
itational force direction is closer to the —g direction than the Z direction,
we expect the —y component to be larger.

Taking the sine and cosine of 20°as before, I get 0.342 and 0.940. The
cosine, being larger, must be the —§ component (into the surface).

In this case, the gravitational force has a magnitude of 98 N (multiply
the mass by 9.8 N/kg), so the —j component is 92.1 N and the & component
is 33.5 N.

Now we can carry out the physics.




¢ If the net force
direction is known
then the net force
can be determined
without knowing the
magnitudes of forces
that are perpendicu-
lar to that direction.
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The force imbalance is due to the & component of the gravitational force
(component down the surface). That is equal to 33.5 N. From the force and
motion equation, the change in velocity is the net force per mass times the
elapsed time. Dividing by the mass (10 kg) and multiplying by the time (2 s),
we get a change of velocity equal to 6.7 m/s down the incline (i.e., if moving
down the incline, it speeds up by 6.7 m/s, and if moving up the incline it
slows down by 6.7 m/s).

This solution is rather straightforward only because we knew the direction of
the force imbalance (down the surface) and aligned our component directions
accordingly.

You'll get the same answer regardless of what mass is used in this case
because the net force is proportional to the mass. Whenever that is the
case, the change in velocity will be independent of the mass (since we
then divide by the mass when using the force and motion equation).

v Checkpoint 2.3: (a) Suppose the mass of the block was not given for the
problem given above (and described in Figure 2.1). Would you still be able to
determine the change in velocity of the block (given the time of 2 seconds)?
If so, what is it? If not, why not?

(b) The initial velocity of the block was not given. Does the change in velocity
depend on whether the block starts at rest or is moving upward or downward?
(b) Suppose the surface in Figure 2.1 was inclined at 30° instead of 20°.
Would the surface repulsion force be directly opposite to the gravitational
force? Why or why not?

DO WE NEED TO KNOW THE VALUE OF THE SURFACE REPULSION FORCE?

No. We know that the net force must be parallel to the surface. The surface
repulsion force is perpendicular to the surface, so it doesn’t contribute to the
net force.

In fact, that is why it is easier to use component directions that are parallel
and perpendicular to the surface: the surface repulsion force ensures that the
forces are balanced along one of our component directions.

We could determine the surface repulsion force, then, by recognizing that it
must balance the other forces acting perpendicular to the surface. In this
case, that means that the surface repulsion force must have a magnitude
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equal to the component of gravitational force acting into the surface, which
is 92.1 N (from trigonometry; see above).

As you can see, dealing with inclined surfaces is not much different from
dealing with forces that are applied at an angle. In both cases, you'll likely
have to determine the components of a force via the sine and cosine functions.
The only difference is that the component directions will be tilted, in order
to align with the orientation of the surface, which means a force like the
gravitational force is now at an angle (unlike how it would be using horizontal
and vertical axis, as in volume I).

v Checkpoint 2.4: Suppose the surface in Figure 2.1 is inclined at 30°.

(a) Would the surface repulsion force be greater or less than when the angle
was 20° 7

(b) Suppose the mass of the block was not given. Could you determine the
surface repulsion force acting on the block? If so, what is it? If not, why
not?

(c) Is there any angle for which the magnitude of surface repulsion force will
equal the magnitude of the gravitational force? If so, what angle? If not, why
not?

2.4 With friction

Adding friction adds to the mathematical complexity
but the approach remains the same. To illustrate, con- =
sider the following scenario:

Suppose we again have our 10-kg block on our surface | . F
inclined at an angle of 20° above the horizontal. Let’s
further suppose that it is sliding down the incline and . ~
there is some friction, which is directed up the incline /
(opposing the sliding; see force diagram to the right).

all

If it speeds up at a rate of 0.5 m/s every second, what is
the coefficient of friction between the box and incline?

The first step is to think about the physics.
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The coefficient of friction is the ratio of the friction and the surface repulsion
force (friction equation).

We know there is a friction because that is the reason the block doesn’t
accelerate as fast as before (0.5 m/s every second, compared to 6.7 m/s
every two seconds), as the friction opposes the motion as the block slides
down the incline. The friction doesn’t totally cancel out the component
of the gravitational force directed down the incline because the block still
accelerates. The force and motion equation can give us the imbalance and,
from that, we can calculate the friction.

As for the surface repulsion force, we know that the surface repulsion force
balances the forces perpendicular to the surface. The only other force per-
pendicular to the surface is a component of the gravitational force.

The second step is to do the trigonometry on the forces not aligned with
our component directions. As before, the only such force is the gravitational
force and we know from before that the —g component is 92.1 N and the &
component is 33.5 N, where  and ¢ are as indicated on page 14.

We can now carry out the physics.

The process is illustrated in the diagram below.

Simplified gravitational law

force and motion
paralel tosurface  perpendicular to surface

N 4

Law of friction

We have already used the simplified gravitational law to get the components
of gravity, one parallel to the surface (33.5 N; down the incline) and one
perpendicular to the surface (92.1 N; into the incline).

We then apply the force and motion equation in the two component direc-
tions. Parallel to the surface, we know there has to be a force imbalance
in order to for the box’s velocity to change. From the change in velocity
(0.5 m/s down the incline), the time (1 s) and the mass (10 kg), the force
and motion equation says that the imbalance has to be 5 N down the incline.

There are only two forces acting parallel to the incline: the component of
gravity parallel to the incline (33.5 N; down the incline) and the friction.
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Since they add up to 5 N down the incline, that means the friction force has
to be 5 N less than 33.5 N, which is 28.5 N up the incline.

The friction is directed up the incline because the block is sliding down
#| the incline. If the block was sliding up, the friction would be directed
down the incline.

Perpendicular to the surface, there is no change in velocity so the law of force
and motion states that the net force along that component direction must
be zero.

There are only two forces acting perpendicular to the incline: the component
of gravity perpendicular to the incline (92.1 N; down the incline) and the
surface repulsion force. Since they add up to zero, that means the surface
repulsion force must be 92.1 N (enough to balance out the y component of
the gravitational force).

According to the friction equation, the coefficient of friction is the magnitude
of the friction divided by the magnitude of the surface repulsion force. That
gives a coefficient of 0.31.

v Checkpoint 2.5: Suppose the block was sliding up the incline instead of
down. Further assume the same coefficient of friction (0.31) and the same
angle (20°).

(a) Would the friction force be the same as calculated above (28.5 N up the
incline)? Why or why not?

(b) Would the block still experience a change of 0.5 m/s downward in one
second (obtained when the block was sliding down the incline)? Why or why
not?

2.5 Vertical surfaces

Given the discussion so far about inclines, one might wonder what happens if
the surface is vertical. In that case, parallel and perpendicular to the surface
are just vertical and horizontal, respectively, so we can actually solve it the
same way we solved problems in volume I. The only difference is that the
surface repulsion force is horizontal (instead of vertical) and the friction force
is vertical (instead of horizontal).
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Figure 2.2: A force diagram of a book (represented by the square) held up
against a wall. Four forces are exerted upon the book: the surface repulsion
force due to the wall (F,), the gravitational force (ﬁg), the friction preventing
the book from sliding down the wall (F‘f) and a force perpendicular to the wall

—

(Fippliea) that is due to a person pushing on the book.

For example, consider the following scenario.

A 2-kg book is held against a rough vertical wall. By exerting a
force horizontally into the wall (see Figure 2.2), a friction force
results (between the book and the wall) that prevents the book
from sliding down the wall. If the coefficient of friction between
the book and the wall is 0.3, how much force do I need to exert
on the book to keep the book stationary?

The physics tells us that the forces must be balanced in order for the book
to remain at rest.

Given the situation, you might wonder why would I have to apply a force to
keep the book stationary.

The answer can be found in the force diagram see Figure 2.2). Notice how
the gravitational force is downward (as always) whereas the surface repulsion
force is leftward (perpendicular to the surface). They are not parallel. The
surface repulsion force balances the applied force in this case, not the grav-
itational force. The reason why the book doesn’t fall is because of friction
along the wall. The friction balances the gravitational force.

To produce the friction, though, I need to press the book against the wall.
This increases the surface repulsion force. The magnitude of the friction force
is proportional to the magnitude of the surface repulsion force.
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This reasoning also helps us to identify the steps we must follow to answer
the question:

We can get the gravitational force from the sim- | Simplified gravitational law
plified gravity equation. Then, using the idea of

vertical force balance, we can get the friction force. | Vertical forces balance
Knowing the friction force, we can use the fric- | Law of friction

tion equation to get the surface repulsion force

and then horizontal force balance to get the ap- | Horizontal forcesbalance

plied force.

The solution, then, is to carry out these four steps using numbers.

Since the book is near the surface of the Earth, the magnitude of the grav-
itational force is the mass of the book (2 kg) times 9.8 N/kg. In this case,
that would be 19.6 N.

Since the forces must balance, the friction force (acting upward) must balance
the gravitational force (acting downward). That means the friction force is
also equal to 19.6 N.

Since we know the coefficient of friction, we can get the surface repulsion
force from the friction equation (u = |}$f7max| J|F.]). Since the coefficient of
friction is 0.3, I get a surface repulsion force of 65.3 N. Do the math yourself,
so you can get a sense of how to use algebra to solve for the surface repulsion
force.

Since the surface repulsion force balances the applied force, that means the
applied force must likewise be 65.3 N (into the wall).

This process is very similar to the process carried out in volume I where
#| the same setup is provided but what may appear at first glance to be a
very different problem because of what is being asked.

CAN MORE THAN 65.3 N BE APPLIED?

Yes. If the applied force is more, the surface repulsion force would likewise
increase, leading to a greater maximum friction force. That just means the
friction can be more than 65.3 N, if needed. However, the friction force only
needs to be 65.3 N, so increasing the maximum it can be does not change
the actual value it would have.

CAN LESS THAN THIS BE APPLIED?
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Not if we want to keep the book at rest. If the applied force is less, the
surface repulsion force would likewise decrease, leading to a smaller maximum
friction force. That means the friction would no longer be able to be 65.3 N,
the amount need to balance the gravitational force.

v Checkpoint 2.6: For the boxr on a horizontal surface, the magnitudes of
the surface repulsion and gravitational forces were equal. For the book on a
vertical surface, the magnitudes of the surface repulsion and applied forces
were equal. Why the gravitational force in one situation and not the other?

Summary

This chapter examined how the orientation of the component directions can
be changed in order to simplify the solution. Basically, we orient the compo-
nent directions such that one of the two aligns with the net force direction.
That way, the net force along the other component direction is known (i.e.,
it is zero).

The main points of this chapter are as follows:

e The orientation of the component directions only changes the math, not
the physics.

e Just as in one dimension, if two directions are opposite, they have opposite
signs. So, the z direction is opposite the —z direction.

e If the net force direction is known then the net force can be determined
without knowing the magnitudes of forces that are perpendicular to that
direction.

By now you should be able to use the law of force and motion with any
problem that involves an inclined surface.

Frequently Asked Questions

SHOULD THE COMPONENT DIRECTIONS ALWAYS BE PARALLEL AND PER-
PENDICULAR TO THE SURFACE?
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No. The problem can be solved regardless of the orientation we choose for
the component directions. However, the mathematics is simpler (and the
result easier to interpret) if the directions are chosen such that one direction
is oriented along the net force direction.

IF THE GRAVITATIONAL FORCE IS DOWNWARD, ISN’T IT ALREADY ALIGNED
WITH THE COMPONENT DIRECTIONS?

Not if the component directions are tilted relative to vertical and horizontal.

Remember, the orientation of the component directions are arbitrary — we
can choose whatever orientation we want — as long as the two directions are
perpendicular to each other. For inclined surfaces, it may be easier to use
component directions that are perpendicular and parallel to the surface, not
vertical and horizontal.

DOESN’T THE SURFACE REPULSION FORCE HAVE TO BALANCE THE GRAV-
ITATIONAL FORCE?

No. The two do not have to balance nor do they have to have the same
magnitude. The surface repulsion force only has to be sufficient to prevent the
object from crossing through the surface. See volume I for more information.

IS THE SURFACE REPULSION FORCE ALWAYS DIRECTED UPWARDS?
No. It is directed upwards only if the surface is horizontal.!! See page 10.

IS THE SURFACE REPULSION FORCE ALWAYS DIRECTED VERTICALLY (L.E.,
UP OR DOWN)?

No. The surface repulsion force is always perpendicular to the surface. So,
the surface repulsion force is vertical only if the surface is horizontal. If the
surface is vertical, like with a wall, the surface repulsion force is horizontal.

Problems

Problem 2.1: A 1.5-kg block is sliding up an inclined frictionless surface at an
initial speed of 5 m/s. If the surface is inclined at 20° above the horizontal,
how far up the surface does the block slide before coming to rest?

fliTechnically, the object also has to be on top of the surface for the surface repulsion
force to be upward. If you jump up and hit your head on the ceiling, the ceiling exerts a
surface repulsion force on you, but it is directed downward, since the surface in that case
is above the object (your head), not below it.
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Problem 2.2: Why is it advantageous to choose component directions that
align with one or more of your forces when determining the net force?

Problem 2.3: An object is placed on an inclined surface.

(a) Does the direction of the surface repulsion force depend on whether the
surface is frictionless or not? How about whether the object is moving or
not?

(b) Does the direction of the gravitational force depend on whether the sur-
face is frictionless or not? How about whether the object is moving or not?
(c) Does the direction of the friction force depend on whether the object is
moving upward, moving downward or at rest?

Problem 2.4: Consider the following three frictionless surfaces: (a) a hori-
zontal surface, (b) a surface inclined at 30 degrees, and (c) a vertical surface.
Suppose a box is in contact with the surface. In which case is the surface
force exerted on the box parallel to the gravitational force exerted on the

box? Why?

Problem 2.5: A 2-kg object has the following three forces exerted on it:

Fy =120 N at 0°

F, =200 N at 126.87°

F3 =160 N at 270°

(a) Using component directions oriented at 0° and 90°, calculate the net force
along each component direction then calculate the magnitude and direction
of the net force.

(b) Suppose I shift each direction by 60° as follows:

Fy =120 N at 60°

F, =200 N at 186.83°

F3 =160 N at 330°

Again using component directions oriented at 0° and 90°, calculate the net
force along each component direction then calculate the magnitude and di-
rection of the net force.

(c) Compare the magnitudes of your two answers. Should they be the same?
Why or why not?

(d) Compare the directions of your two answers. Should they be the same?
Why or why not?

Problem 2.6: A 10-kg block is placed on a surface that is inclined at an angle
of 20° above the horizontal. Suppose the coefficient of friction between the
box and surface is 0.3.
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(a) If the block doesn’t move, is there friction between the block and the
surface? If so, in which direction? If not, why not?

(b) Determine the minimum coefficient of friction between the block and
incline that would prevent the block from sliding.

(c) if the block is sliding down the inclined surface, in what direction is the
friction force? What is the acceleration of the block?

(d) If the block is sliding up the inclined surface, in what direction is the
friction force? What is the acceleration of the block?

Problem 2.7: (a) Suppose we have the same situation as described in the
previous problem but the surface was frictionless. Determine the net force
acting on the block.

(b) Suppose there was friction present with a coefficient of friction between
the box and surface equal to 0.3. Suppose further that the block was sliding
up the inclined surface, so that the friction was directed down the inclined
surface. Draw the appropriate free-body diagram and determine the net force
acting on the block.

Problem 2.8: A 10-kg block is on a surface that is in-
clined at an angle of 22° above the horizontal. When
I exert a horizontal force Fyppieq on the block with
a magnitude of 14 N (see force diagram to right), I
am able to keep the block moving down the incline
with a constant speed. Determine the coefficient of Spiea T ™~ <
friction between the box and incline. ~.

Notice that the direction of the friction force = |._____22__=
is up the incline because the block is sliding down
the incline. If the block was instead sliding up the
incline, the friction would be down.
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Problem 2.9: When you lean against a wall, what is the direction of the
surface force exerted on you due to the wall? Ignore friction.

Problem 2.10: A book is held against a rough vertical wall. By exerting a
horizontal force of 50 N into the wall (perpendicular to the wall), a friction
force (between the book and the all) keeps the book at rest and prevents it
from sliding down the wall. If the coefficient of friction between the book
and the wall is 0.5, what is the maximum mass of the book?
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3. Definitions, Laws and Theories

3.1 Definitions

A definition specifies how a particular quantity relates to other quantities.
For example, the definition of velocity relates the velocity with displacement
and time. Definitions are important because we don’t really understand what
something is until we define it in terms of other things that we already know.

For example, suppose we want someone to know what we mean by the word
“table.” To do this, we’d have to describe it in terms of things they are
familiar with. One definition of a table, then, may be that it is a piece of
furniture with a flat level top and one or more legs. That means you can
use the word “table” for any piece of furniture with a flat level top and one
or more legs. However, this definition doesn’t help if one doesn’t know what
“furniture” means. We’d have to either use a different word or, in turn,
provide a definition of the word “furniture”.

Definitions, as with any new word, are things that you just need to memorize.
Fortunately, as you continue to use a term, it becomes easier and easier to
remember what it means.

In physics, you'll probably be familiar with most of the terms already. That
can be good and bad. The more familiar you are with a term, the less work
you have to do to learn it. On the other hand, you may not know the exact
definition and your familiarity with the term may lead you to overlook some
aspects of the term that are crucial for using it correctly.

For example, you may already be familiar with the term “velocity” as relating
to an object’s speed but you may not know the exact definition. While similar
to speed, velocity doesn’t exactly mean speed, and you’ll likely make errors
if you treat them as the same thing.

As T introduce terms and their definitions, there are two things to keep in
mind.

27
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The first thing to keep in mind is that there has to be some value in defining
a new term. We don’t just introduce terms because we like it.

Consequently, I’ll be careful to introduce terms with precise definitions, when
possible, and explain why the term is useful. Most of the time, a term is
introduced because it either simplifies the description of how things interact
or simplifies our explanation of how things interact.

In physics, we use a lot of terms that may appear at first glance to be the
#| same. Keep in mind that a new term would have no value if we already
had a term that meant the same thing.

The second thing to keep in mind is that definitions are things that the
scientific community has decided upon. Nature doesn’t care how we define
things. We can’t test whether a definition is true or not, or prove that it is

or isn’t true. Basically, a definition is true because, well, that is the way it
has been defined.

We can question the value of a definition and we can question whether people
use the term in a way consistent with the definition, but we can’t debate the
definition itself.

The disadvantage of this is that you need to make sure you understand the
exact definition and use it in a way consistent with that definition. On
the other hand, the advantage of this is that we don’t have to worry about
whether we can or can’t apply a definition. We always can. It just may not
be useful to do so.

v Checkpoint 3.1: In volume I, an object’s momentum is defined as the prod-
uct of the object’s mass and the object’s velocity. Is this something that has
been proven to be true? If not, could there be instances when the momentum
is not equal to the product of the object’s mass and its velocity?

3.2 Scientific laws

Defining “law” is a bit tricky because scientists use the word a little differently
than the general population. A scientific law, like a definition, describes how
two or more things are related but, unlike definitions, the purpose of a law is
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not to introduce a new term. Instead, the purpose of a law to describe how
two or more measurable quantities are related, so that we can predict one
of those quantities.

For example, the law of force and motion relates changes in an object’s
motion with the forces exerted on that object. Each quantity, the changes
in motion and the forces, can be measured separately. With the law, we can
predict one by knowing the other. T'll talk more about making predictions
in the next section.

ARE THEY CALLED LAWS BECAUSE THEY HAVE BEEN PROVEN CORRECT?

Scientists use the word “law” and “prove” a little differently than how the
general population uses the words. In science, we don’t prove relationships
and ideas to be correct. Instead, we test whether the relationships and ideas
hold. The better they hold, the more useful they are in making reliable
predictions.

So, while many scientific laws are treated as being true in all cases, that
is not necessarily the case. For example, the law of force and motion is
extraordinarily accurate when applied to a wide range of ordinary situations,
from bacteria to galaxies and lots of things in between, which is why it is the
focus of volume I. However, there are still some situations where we can’t
apply the law of force and motion.!

In addition, whereas a law outside of physics is something a community
decides that everyone must follow, a scientific law is just our attempt to
describe something that nature follows.

IF A LAW ISN'T PROVEN, WHY ARE SOME LAWS ASSOCIATED WITH PAR-
TICULAR PEOPLE?

It is often the convention to name a law after the person who first identified
and presented it. For example, most people refer to the law of force and
motion as Newton’s second law, after Isaac Newton.! However, as noted

IThis includes quantum mechanics, special relativity, general relativity, and non-inertial
frames. We won’t examine such situations.

iilsaac Newton was an English scientist who lived from 1643 (or 1642 according to
the local calendar in use at the time) to 1727. Apparently, his interest in mathematics
didn’t really start until he was 20. When he was 22, an epidemic (associated with the
bubonic plague) closed the university from which he had just graduated, so he returned
to his home in the country. During the next two years, he laid the foundation of calculus
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earlier, laws aren’t proven to be true. They are simply our descriptions of
how various quantities are related.

Indeed, I've chosen to call it the law of force and motion in order to make
this clearer. Not only is it more reflective of what the law describes, but I
also want to emphasize that it is irrelevant who the scientific community has
decided to recognize as being the first to propose the law in a formal way.

v Checkpoint 3.2: The law of gravity is often called Newton’s Law of Gravi-
tation. Does this mean that Newton was the first to prove this law?

3.3 Making predictions

The single most valuable skill that a scientist has is the ability to make
predictions. To illustrate what we mean by predictions and how a scientific
law is a relationship that can be used to make predictions, consider the
following story.

A student, named Jay, wants to drive to Philadelphia next
month. So he asks his friend Kaye how long it will take him to
drive to Philadelphia. Kaye says three hours.

How long will it take Jay to drive to Philadelphia?

If you said “three hours” you are using a form of logic called “appeal to
authority.” The real answer is “we don’t know.” Just because Kaye says it
will take three hours doesn’t mean it will take three hours. No one knows for
certain how long it will take Jay until he actually takes the trip. By relying
solely on Kaye’s estimate, we are putting our faith in Kaye’s expertise.

(which he called the method of fluxions) and optics. It was also during this two-year
period that he developed early versions of several of the laws we’ll be using in this book.
A formal presentation of his work wasn’t published until he was 44 when he published the
Mathematical Principles of Natural Philosophy (commonly known as the Principia, from
the original Latin title), one of the greatest scientific works ever published.
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Knowing this, Jay asks Kaye why she thinks it will take three
hours. Kaye responds that last month she drove to Philadelphia
and it took her three hours.

How long will it take Jay to drive to Philadelphia?

If you now say “three hours” you are making a prediction based upon some-
thing more than just an appeal to authority. You are basing it upon an
observation.

The real answer, though, is that we still don’t know. Just because it took
Kaye three hours doesn’t mean it will take Jay three hours. Again, no one
will know for certain how long it will take Jay until he actually takes the
trip. By relying on this single observation, we are assuming that the time
would be the same for everyone.

Knowing this, Jay asks another friend, Elle, how long it will
take him to drive to Philadelphia. Elle says two hours. Jay,
having read through the previous couple of paragraphs, astutely
asks Elle why she thinks it will take two hours. Elle responds
that she took the trip yesterday and that is how long it took her.

How long will it take Jay to drive to Philadelphia?

Jay’s in a dilemma now. He has two observations and they don’t agree.
Apparently, the assumption made previously, that the time would be the
same for everyone, is incorrect.

Stumped, he asks another friend, Bea, for some help. Bea
has never taken the trip to Philadelphia but Bea is a scientist.
And, as a scientist, she is used to making predictions based upon
observations.

The key, Bea asserts, is to identify the pattern. Noting that
it took Kaye three hours last month and it took Elle two hours
this month, Bea points out that the time went down by one hour
from one month to the next. By next month, Bea reasons, the
time will go down one hour further. Since Jay will be driving
to Philadelphia nexzt month, Bea boldly predicts it will take him
one hour (i.e., one hour less than it took Elle to drive there this
month).
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How long will it take Jay to drive to Philadelphia?

If you now say “one hour” you are making a prediction based upon an ob-
served relationship. Such a relationship is called an empirical relationship
(from a Greek word meaning “experience”).

An example of an empirical relationship might be the relationship be-
tween saturated fat and heart disease. Suppose someone does a study
and finds that people with diets high in saturated fat have a higher in-
cidence of heart disease. That would be an empirical relationship, since
the pattern was observed to hold true, but no explanation was provided
to explain why such a relationship might be.

In this case, the relationship is between the drive time and the month.

However, just because this relationship holds for the two observations does
not mean it will continue to hold for all observations. As before, the real
answer is that we still don’t know how long it will take.

In general, though, the more observations that are used to identify the rela-
tionship, the more likely the relationship will hold for future observations.

By now, Jay is obsessed with getting a good prediction. De-
termined to find the pattern between the drive time and the day
of the trip, he asks all of his friends who have driven to Philadel-
phia in the past month. He finds that each day the time went
down by two minutes. If two people drove there a week apart
(seven days), the time difference was 14 minutes. If two peo-
ple drove there a month apart (30 days), as in the case of Kaye
and Elle, the time difference was 60 minutes. The later in the
month one drove, the less time it took. The new observations
support the empirical relationship identified by Bea, which Jay
now confidently calls “Bea’s law of driving time.”

How long will it take Jay to drive to Philadelphia?

If you now say “one hour” you are making a prediction based upon Bea’s
law.

Jay refers to the Bea’s empirical relationship as “Bea’s law” because it is
relationship that seems to hold really well. In such cases, it is common to
call it a law.
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An important point about scientific laws, such as Bea’s law, is that just
because we call it a law does not mean it has been proven to always hold
true. What makes laws powerful is not that they have been proven to be
true but because they are very general.

For example, Bea’s law applies regardless of what time we apply it over the
past month. We still don’t know the answer to Jay’s question (how long will
it take him to drive to Philadelphia), however. Just because this relationship
holds for all of the observations made so far does not mean it will continue
to hold for all observations in the future. Calling it a law doesn’t make it
perfect.

IF WE CAN NEVER KNOW, WHY BOTHER MAKING ANY PREDICTIONS AT
ALL?

Although we can never be 100% sure our prediction will be right, the fact
is that scientific analysis allows us to make the prediction in the first place.
That is the value of science.

3.4 Laws vs. theories

WHAT IS THE DIFFERENCE BETWEEN A LAW AND A THEORY?

In everyday language, the definitions of the two terms may be ambiguous.
In science, however, they mean very specific, and different, things.

To illustrate the difference, and show how generality provides more powerful
predictions, let’s continue with our story.

Jay, confident in his prediction that it will take him one hour
to reach Philadelphia, arranges to leave one hour before an im-
portant meeting. He happens to mention this to another scientist
friend of his, Dee. Being a scientist, Dee recognizes the predic-
tive power of an empirical relationship, especially one based on
as many observations as this one. However, she suggests that Jay
use an even more powerful method.

While empirical relationships are powerful, Dee explains, you
have to be careful not to apply them to situations that are dif-
ferent from those in which they were developed. She points out
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that there was construction being done on the route to Philadel-
phia during the month Jay had done his study. When Kaye went,
there were many miles of construction. As time went on, parts
of the route were finished and the commute time went down. By
the time Elle drove to Philadelphia, all of the construction was
finished.

Consequently, if we assume that there is no more construction
on the route (since all construction was finished by the time Elle
made her trip), everyone who drives after Elle will find that the
commute takes the same amount of time: 2 hours. Jay’s commute
time should be the same as Elle’s since his driving conditions
would be the same as hers.

How LONG WILL IT TAKE JAY TO DRIVE TO PHILADELPHIA?

If you now say “two hours” you are making a prediction based upon Dee’s
explanation.

Once again, the real answer is that we still don’t know for sure. While know-
ing the explanation for the relationship helps us recognize that we cannot
simply extend Bea’s law indiscriminately, there might still be other addi-
tional factors that can influence the driving time (e.g., whether Jay drives
during rush hour or whether it is raining). The more Jay learns about why
the driving time would be long or short, the more capable he becomes in
making a prediction.

If it turns out that it actually takes two hours for Jay to drive to Philadelphia,
Dee’s explanation would be supported. In science, an explanation that is well
supported by the observations is known as a scientific theory.

In general, theories are more powerful than laws because we can use them to
determine when the laws apply and when they don't.

On the other hand, we don’t need to have a theory behind every law. There
are certain situations where we just don’t know why a law exists. Still, all
observations have been shown to support it and that is why we call it a law.

Even though some laws, which I call general laws, can be used to explain
why other relationships exist, in my book a theory is a theory only if it is
#| a model that explains why a relationship exists. If it is simply a relation-
ship, even if it is one that can be used to “explain” other relationships, I
will refer to it as a law.!
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So, a scientific theory isn’t just a guess that, when proven, becomes a law.
First of all, theories don’t become laws, as discussed above. Theories explain
why a relationship exists while laws describe what the relationship is. Second,
it is not possible to prove laws or theories to be correct. Rather, we only
support them via additional testing.

3.5 Hypotheses and testability

What may confuse the issue for non-scientists is the similarity between the
word “hypothesis” and the word “theory.”

To non-scientists, a hypothesis is just an educated guess, much like they
would use the word theory or prediction. We've already discussed what a
scientific theory is. What about a scientific hypothesis?

To scientists, a hypothesis is more than an educated guess. It is a testable
guess. An educated guess isn’t useful. To be useful, the guess must be
testable.

To test an idea, we need to be able to utilize the idea to make a prediction
that can then be compared with observations.

DOES THAT MEAN AN OBSERVATION MUST BE REPEATABLE?

If by “repeatable” you mean that you will observe the same things only when
the conditions are “reset” to exactly how they were, the answer is no. That
is one way but not the only way. In fact, most times it is impossible to set
up things exactly how they were. Fortunately, all that is needed is that the
prediction needs to be specified in terms of an observation that has yet to be
made.

For example, one prediction I can make with Bea’s law of driving time is
that if Jay drives to Philadelphia next month his trip will take one hour.
Alternatively, a prediction I can make with Dee’s theory is that if there is
construction on the route to Philadelphia then Jay’s trip will take longer
than two hours.

HiNot surprisingly, the line between theories and laws is not universally agreed upon.
Don’t be surprised if you run across relationships in science that don’t adhere to the strict
definition of law and theory provided here.
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IF THE PREDICTION TURNS OUT TO BE CORRECT, DOES THAT MEAN I'VE
PROVEN THE HYPOTHESIS?

No. As mentioned in the story of Jay’s trip to Philadelphia, we can never say
for certain that a law or theory is true. On the other hand, the evidence in
support of a theory or law can be so overwhelming that its validity is “beyond
a reasonable doubt.” Just keep in mind that what counts as “reasonable” is
subjective.!V

IS THIS TEXTBOOK ABOUT TESTING LAWS OF FORCE AND MOTION?

Not really. Although we frequently check our predictions to make sure they
are reasonable, the bulk of the text focuses on the skills and techniques
needed to apply relationships to specific situations.Y Still, you should keep
in mind that the predictions we make should be testable. If they don’t seem
supported by your observations, check with the instructor.

SO HOW LONG WILL IT TAKE FOR JAY TO TRAVEL TO PHILADELPHIA?

We won’t know how long it will take until he actually makes the trip. All we
know is that Bea’s law predicts that it will take one hour and Dee’s theory
predicts that it will take two hours.

If it does indeed take two hours then Dee’s theory is supported and Bea's law
is not. On the other hand, if it takes one hour than Bea’s law is supported
and Dee’s theory is not.

Either way, a theory doesn’t become a law or visa-versa. If Dee’s theory is
supported, that won’t make it a law and if Bea’s law is not supported, that
won’t make it a theory.

A real-life example that illustrates the difference between theory and law
is an examination of how the pressure of a gas depends upon its volume
# | (for a given temperature and mass). We call the observed relationship be-
tween the two Boyle’s law whereas we use the Kinetic-Molecular Theory
to explain the relationship in terms of the molecular model.

VFor example, while scientists tend to be convinced in the validity of the second law
of thermodynamics, many non-scientists assume it is false in their pursuit of perpetual
motion machines or machines that make energy from nothing.

VThe course also includes a lab component where you learn techniques needed for testing
laws and theories. The activities serve to illustrate what it means to find agreement (or
disagreement) between a prediction and an observation.
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WHY BE SO PICKY ABOUT THE DIFFERENCE BETWEEN A LAW AND A
THEORY?

Because conceptually they are a little different and so how you use them is
a little different. In addition, the subject of volume I of this book is on a
small set of general laws. As laws, not theories, it is important to recognize
that they describe certain relationships, not explain why those relationships
occur. On the other hand, as general laws, they can be used in lots of different
situations. How we apply them to the various situations is the focus of the
bulk of this text.

I’VE TAKEN A LOT OF SCIENCE COURSES IN MY LIFE AND I’VE NEVER
NEEDED TO KNOW THE DIFFERENCE BETWEEN LAW AND THEORY. WHY
IS IT SO IMPORTANT IN THIS COURSE?

Chances are your other courses focused on the results of science rather than
the process of science. It turns out, however, that the real power of science
is not in the answers but in making predictions and using a small subset
of general ideas to make specific predictions (like using a map to determine
specific travel routes). To do this, you need to have a firm grasp of how laws
and theories are identified and used to make the predictions.

Science, it turns out, is not simply a list of facts about nature. Rather, it is
a process by which laws and theories are identified and tested.

In this volume, we explore the meaning of some laws of force and motion
and introduce techniques for applying them to make specific predictions. If
you aren’t comfortable with the meaning and limits of the laws, you end up
missing the point that the laws form the framework for everything we’ll do.
Instead, you’ll see everything as a million disconnected equations.

Terminology
Definition = Law Observation
Empirical ~ Newton (Isaac) Predict

Hypothesis Newton’s second law Theory
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Frequently Asked Questions

ARE ALL RELATIONSHIPS CONSIDERED TO BE LAWS?

Usually we reserve the word “law” for those relationships that hold really
well.  After all, just because a relationship holds for a bunch of observa-
tions does not mean it will continue to hold for all observations. In general,
the more observations that agree with the relationship, the more likely the
relationship will hold for future observations.

WHICH IS MORE POWERFUL: A LAW OR A THEORY?

It depends on the law and theory. Both a general law and a general theory
can be used to consolidate what at first glance appears to be disconnected
phenomena. So, just as a few general laws (e.g., the law of force and motion)
can be applied to a large number of very specific situations (rather than com-
ing up with a new empirical relationship for every situation we encounter),
a few general theories (some of which will be discussed in this volume) can
be applied to a large number of very specific situations (rather than coming
up with a new explanation for every situation we encounter). So, like the
general laws we examined in volume I, a good general theory can be very
powerful.

However, since a law simply describes a relationship that was observed, it
cannot be used to predict when the relationship will hold and when it will
not hold. On the other hand, an explanation for the relationship, because
it explains why the relationship holds, can also be used to explain why the
relationship would not hold (i.e., when the assumptions inherent in the model
are not valid). In that sense, a theory can be more powerful.

IS A LAW SIMPLY A THEORY THAT HAS BEEN PROVEN CORRECT?

No. This is a common misconception. Laws, like the ideal gas law or Hooke’s
law, are called laws because they describe relationships between variables.
Theories are called theories because they are models that explain observa-
tions. For example, the ideal gas law describes how properties of gases (like
pressure and temperature) are related whereas the kinetic-molecular theory
is based upon using a model of individual molecules in motion to ezplain why
gases behave the way they do.

DOES “THEORY” MEAN “GUESS”?
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To non-scientists, maybe, but not to scientists. To scientists, theories are
models that are well-supported by observations. Some theories are better
supported and have been more rigorously tested than some laws."! To scien-
tists, “guesses”, if you can call them that, are called hypotheses. Hypothe-
ses differ from guesses in that hypotheses are testable."!

WHAT IS THE DIFFERENCE BETWEEN “TESTABLE’ AND “REPEATABLE”?

To be testable, one must be able to make a prediction as to what one might
observe in a given circumstance. A phenomenon need not be repeatable to
be testable. For more information, see page 35 in section 3.

Problems

Problem 3.1: (a) Identify a relationship or model in a field of science (it need
not be physics) that is called a theory (i.e., the kinetic molecular theory, the
atomic theory, the theory of biological evolution, the theory of plate tectonics,
etc.). Write down the name (if it has one) and also describe the relationship
or model.

(b) Does the theory identified in (a): (i) describe a observed pattern (e.g.,
describe how two things are related) or (ii) explain why the pattern occurs?
(c) Based on your answer, how well does the relationship correspond to the
definitions provided here (i.e., theory vs. law)?

Problem 3.2: Suppose there is a theory that states that there is a parallel
universe that exists but we cannot exchange any information with it and that
is why there is no evidence of it. Is this theory scientific according to the
definition of testable presented in section 3.57 Why or why not?

Problem 3.3: According to the American Institute of Biological Sciences,
biological evolution consists of change in the hereditary characteristics of
groups of organisms over the course of generations. There is a theory that
states that this change is related to natural genetic variations within a species
(i.e., that characteristics that are beneficial are more likely to be found in
succeeding generations). Is such a theory scientific? If not, why not? If so,
is there a way to test it without having to observe succeeding generations?

ViFor example, Ohm’s Law, which is discussed in Volume II, has been shown to fail in
certain situations yet it is still called a law.
YI'To see what we mean by “testable,” see volume I.



40 CHAPTER 3. DEFINITIONS, LAWS AND THEORIES

Problem 3.4: A law describes a relationship. For example, Bea’s law of
driving time describes the relationship between the driving time and the day
of the trip. However, a law can also describe the lack of a relationship. An
example of such a law in science is Mendel’s law of independent assortment,
which states that the characteristics inherited from one parent is independent
of the characteristics inherited from the other parent.

(a) In Bea’s law, the driving time is being related to the day of the trip. In
his law of independent assortment, what two items is Mendel stating are not
related?

(b) Provide a prediction that one might make based upon Mendel’s law of
independent assortment. Your prediction should involve the variables you
identified in (a). For example, in Bea’s law, a prediction might be that Jay’s
driving time next month would be one hour.

Problem 3.5: The Big Bang Theory is a popular theory for explaining why
distant galaxies appear to be traveling away from us at great speeds. One
of its predictions is the existence of cosmic background radiation (which was
eventually observed several years later). A friend argues that the Big Bang
Theory isn’t scientific because it describes an event (the start of the universe
via a big bang) that cannot be repeated. How do you respond?

Problem 3.6: Why is “Bea’s law of driving time” called a law instead of
a theory? Hint: Does it explain why the relationship between the drive
time and the day of the trip is the way it is or does it simply provide the
relationship between the drive time and the day of the trip?

Problem 3.7: The American Physical Society provides the following definition
of science.

Science is the systematic enterprise of gathering knowledge about
the universe and organizing and condensing that knowledge into
testable laws and theories.

In comparison, Merriam-Webster Online defines science as follows:

Knowledge or a system of knowledge covering general truths or
the operation of general laws (especially as obtained and tested
through scientific method)
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One important part of the APS definition of science is that science is a
process. Does the Merriam-Webster definition emphasize the procedural
nature of science? How could it be improved?
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4. Variable Abbreviations

Letter abbreviations are used to represent variable values in equations. For
example, we could use s to represent distance and ¢ to represent time. The
abbreviations s and t are known as variable abbreviations. The two vari-
ables, distance and time, are represented by the abbreviations s and .

Mathematical abbreviations are used for both units and variables in
mathematical equations. Variable abbreviations will be italicized whereas
unit abbreviations will not (see section 6 for the list of unit abbreviations).

Be careful. An upper-case letter typically means something different than a
lower-case letter (compare, for example, a and A). In addition, we some-
times use Greek letters (e.g., A for wavelength). Subscripts are used to
distinguish between closely-related variables (or variables corresponding to
different times).!

Also, be aware that some letters are used for two or more variables (see, for
example, P being used for both power and pressure). To avoid confusion,
the duplication will involve variables that will rarely, if ever, be in the same
relationship. Still, don’t be surprised when you see the same letter used for
a different variable in a different context.

To indicate quantities that are vectors (i.e., have a direction), I use an arrow
above the letter (e.g., F'). The magnitude of a vector is indicated by vertical
bars (e.g., |F_” |. A two-dimensional vector can be written as the sum of two
perpendicular vectors, called projections. Subscripts are used to indicate a
vector projection. For example, ﬁz indicates the projection of the force vector
along the x direction. Such projections can also be written as the product of
a component value and a direction. For example, ﬁx could also be written
as F,x, where z is the x direction.

As you get more familiar with certain relationships, you might find the subscripts are
unnecessary and, at that point, you are free to drop them. After all, knowing the history
(and being familiar with the unit abbreviations) is the best way to avoid getting too
confused. However, until you reach that point, I recommend that you keep the subscripts.
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The list of variable abbreviations is like a vocabulary list." And, just like a
language, knowing what the letters represent becomes easier the more you
use them. Fortunately, our “language” is mathematics so you don’t have to
also learn the structure and syntax of a different “language.”

To learn the “language,” you should probably write down each abbreviation
you encounter in a list somewhere as a reference. Section 4 is a good reference
but you won’t want to constantly be referring back and forth to the list. By
writing your own list, you will be able to recall them quickly without checking
the list every time.

finite change or difference

displacement (change in position)
rotational (angular) displacement
displacement in z direction

the = direction (i.e., unit vector in = direction)
rotational (angular) acceleration
dielectric constant

wavelength

coefficient of friction

magnetic permeability

magnetic flux

ratio of circle circumference to diameter
density

angle or rotational (angular) position
incident angle

reflected angle

transmitted angle

resistivity

density

torque (rotational force)

rotational (angular) velocity (angular frequency)

!

> B D
S

!

TN BET > QOR[>
[VA)
8

D DD
e

>
o+

£ AT D

iiScientists in different fields may use different conventions for their variable abbre-
viations. For example, whereas I am using s for position, someone else might use x.
Throughout this text I will use the convention used in physics unless I see a pedagogical
advantage for changing it. I can’t change it too much because then no one outside of this
class would understand it.
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a acceleration
aeent  acceleration toward the center of the circle
aeire  acceleration around the circle

A cross-sectional area

A Avogadro’s number

B magnetic field

C capacitance

¢ speed of light in a vacuum
d  slit separation distance

d; image distance

d, object distance

D diameter of a circle

E  energy

E. electric energy

E, gravitational energy

Ey  kinetic energy

E  electric field

€  open circuit voltage (emf)
f frequency

f focal length

F magnitude of force

F (vector) force

Fii.. force directed around the circle
E, electric force

Fp frictional force

ﬁg gravitational force

F.,  magnetic force

F,  normal (surface) force
HT force due to a string, rope or cable

g gravitational field strength
G gravitational force constant

h  height
h; image size
h, object size
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rotational mass (moment of inertia)
current

Impulse
electric force constant

angular (rotational) momentum
inductance (or self-inductance)
length (e.g., of wire)

mass
magnification
mass (large)
mass of electron
mass of proton

index of refraction
whole number (as in number of elements)
whole number (as in number of loops)

power
pressure
momentum

charge

charge on an electron
charge on a proton

charge stored on a capacitor

distance between two objects

length of radial arm or distance from object to axis

internal resistance
radius of an object or circle
resistance

(magnitude) position
(vector) position
position in Z direction

time
period
temperature



v speed (magnitude of velocity)
|0]  speed (magnitude of velocity)
0l (vector) velocity

Veire  velocity (or speed) around the circle

w  width (of slit)
W work

X¢ capacitive reactance
X; inductive reactance

Z impedance

Zeap 1mpedance of the capacitor
Zina impedance of the inductor
Zr  impedance of the resistor

47
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5. Constants

Astronomical constants:

mass of the sun 1.9891 x 10%° kg
mean Earth-Sun distance (center to center) — 1.4959789 x 10'' m
mass of the moon 7.349 x 10?% kg
mean radius of the moon 1.7371 x 105 m
mean Earth-Moon distance (center to center) 3.844 x 10® m
mass of Earth 5.9723 x 10%* kg
mean radius of Earth 6.371 x 10° m

Particle constants:

mass of electron ~ 9.11 x 1073 kg
mass of proton 1.673 x 107%" kg
mass of neutron 1.675 x 107%" kg
charge of electron —1.60218 x 107C
charge of proton  +1.60218 x 10~1°C

Physical constants:

gravitational force constant (G) 6.67430 x 10~!' N - m?/kg?
gravitational force constant (G) 6.67408 x 107! N - m? /kg?

electric force constant (k) 8.98755 x 10° N m?/C?

magnetic permeability (1) 47 x 1077 N/A?

speed of light in vacuum (c) 2.998 x 10® m/s

Avogadro’s number (A) 6.02214199 x 10%* molecules/mole

49
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6. Units

Letter abbreviations are used for the units of measurement. For example,
“m” stands for “meters” and “s” stands for “seconds.” Unit abbreviations
are written in non-italic font to distinguish them from variable abbrevia-
tions, which are written in italic font (see section 4) for the list of variable

abbreviations).

6.1 International System of Units (SI)

The scientific community® uses the International System of Units, sometimes
referred to as SI (for Systéme International) or the metric system.!

Five basic physical quantities and their SI units:

In the SI system, there are only a couple of basic physical quantities and
each one is assigned a unique unit. The basic physical quantities are length,
mass, time, temperature and current. In SI, the associated units are meters,
kilograms, seconds, kelvin and ampere. By convention, the unit names are
lowercase, even if named after a person.

Abbreviation Name Quantity

kg kilograms mass

m meters length

s seconds time

K kelvin temperature
A ampere current

Derived units:

For more information, see the NIST publication Guide for the Use
of the Internal System of Units (SI) by Barry N. Taylor [available via
https://physics.nist.gov/cuu/pdf/sp811.pdf.

liTechnically, SI is just a particular type of metric system, but most people treat the
two as meaning the same thing.

o1
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Units for all other quantities are derived in terms of these basic units (for
this reason, this is sometimes called the MKS system — M for meters, K for
kilogram and S for seconds). Examples of such derived units are as follows:

Abbreviation Name

Q
C
°C

eV
F
H
Hz
J
K
N
Pa

rad

T
\Y
W
Wb

6.2

Abbreviation Name

[e)

bar
ft

h

in

L

Ib
mi
min
ua

ohm (V/A)
coulomb (A-s)

degrees Celsius' (K - 273.15)
electron-volt (1.6 x 10719 J)

farad (C/V or Q7 1t.s71)
henry (£2-s)

hertz (cycles/s)
joules (kg-m?-s72)
kelvin

newton (kg-m-s—?)
pascal (N/m?)
radians (m/m)
tesla (N-A~t.m™1)
volt (J/C)

watt (J/s)

weber (T-m?)

Other units

Quantity
degree angle
bar pressure
feet length
hour time
inches length
liter volume
pounds mass
miles length
minutes time

astronomical unit length

Quantity
resistance or impedance
charge
temperature
energy
capacitance
inductance
frequency
energy
temperature
force

pressure

angle

magnetic field
electric potential
power

magnetic flux

Value (in SI units)
/180 rad

10° Pa

12 in (0.3048 m)

60 min (3600 s)

2.54 cm

1000 cm?

0.45359237 kg

5,280 ft (1609.344 m)
60 s

~ 1.496 x 10! m
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6.2.1 Metric prefixes

93

Prefixes' are then used to represent factors of ten for each unit. For exam-
ple, the “kilo” represents 103. Consequently, a kilometer is equivalent to a
thousand meters and a kilogram is equivalent to a thousand grams.

Abbreviation Name
Y Yotta-
Z Zetta-
E Exa-
P Peta-
T Tera-
G Giga-
M Mega-
k kilo-

h hecto-
da deka-

Quantity
1024
1021
1018
1015
1012
10°
106
103
102
10*

Abbreviation Name

O BT BT Y N

yocto-
zepto-
atto-
femto-
pico-
nano-
micro-
milli-
centi-
deci-

Quantity
10—24
10—21
10718
10—15
10—12
1079
1076
1073
1072
1071

Some notes:

e You don’t need to memorize them (after all, there is always the table) but
you should become familiar with the most commonly used prefixes, which

are Mega-, kilo-, centi-, milli- and micro-.

e The abbreviation for “micro” is the only one listed that is a Greek letter.
It is the Greek letter “mu” (some people mistakenly think it is the Roman

letter u).

e All of the abbreviations are one letter except for deca-.

e Many people get centi and milli confused. If it helps, consider that the
“centi-” prefix comes from the same root as “century” (100 years) and
the “milli-” prefix comes from the same root as “mile” (1000 paces) and
“millennium” (1000 years).

6.3 Unit conversion

After all of the work involved in getting an answer to problems, one’s work is
not necessarily finished. This is because the answer needs to be interpreted

Vhttp://physics.nist.gov/cuu/Units/prefixes.html
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and, in some cases, revised so that the audience can interpret the answer
appropriately.

For example, suppose you multiply (5 ft/s) by 10 h. The result is 5 ft-h/s.
This is a distance but it isn’t in units that anyone is familiar with. Conse-
quently, you cannot leave the answer as “5 ft-h/s.” You must convert it to a
unit that is familiar.

The problem is that the answer contains two different units of time (i.e. hours
and seconds). To simplify, convert one of the time units so that the two units
are the same.

This can be done by simply replacing one of the units with its equivalent.
For example, since 1 h = 3600 s, replace “h” with “3600 s” to get

3600 s
s

o ft

which simplifies to 18,000 ft.

Sometimes the result is still hard to interpret because the number is too
large or too small. For example, is the distance from class to where you live
larger than 12,350,000 inches? Most people cannot tell without converting
the number to a more reasonable unit.

In this case, since
1 mi = 5,280 ft

we could convert 18,000 ft to miles by replacing “ft” with “(1/5280) mi”.

This gives
18,000

mi
5,280

or 3.41 mi.

Even this may not be satisfactory, since it is not in SI. To convert it to SI,
replace “mi” with “1609.344 m” to get

3.41(1609.344 m)

or 5490 m.

This should then be converted to a more reasonable number by using the
metric prefixes, i.e., 5.49 km.



7. Scientific notation

A popular way of getting rid of big or small numbers is to use scientific
notation. In scientific notation, the factor of ten is written explicitly rather
than in a metric prefix. For example, instead of writing 5490 m as 5.49 m,
we could instead write it as 5.49 x 103 m.

Such notation also makes it much easier to multiply or divide very big
and very small numbers. For example, what is 12,350,000,000,000 s times
0.0000000000350 s?

Not only does it take a long time to write down all of the zeros associated
with very big or very small numbers, but it is hard to readily see how many
zeros are present without carefully counting them. These two problems are
addressed via a technique called scientific notation.

Scientific notation essentially takes all of the zeros and wraps them up in the
form of 10", where n is some integer. For example, since ten million (7 zeros)
is the same as 10 x 10 x 10 x 10 x 10 x 10 x 10 (ten multiplied by itself 7
times), we can write ten million as 1 x 107. Since a number like 55,000,000
is just 5.5 times ten million, we can write 55,000,000 as 5.5 x 107.

Likewise, a number can have lots of zeros if it is really small. For example,
since one-ten-millionth (0.0000001) is the same as 1/10/10/10/10/10/10/10
(one divided by ten 7 times), we can write one-ten-millionth as 1 x 1077,
Similarly, since a number like 0.00000055 is just 5.5 times one-ten-millionth,
we can write 0.00000055 as 5.5 x 1077,

It is easier to multiply and divide very large or small numbers when they
written in scientific notation because we can quickly identify how many zeros
are present. For example, suppose you had to multiply 5.5 x 107 by 5 x 102
We can simply perform this multiplication in two steps. First, we multiply
5.5 by 5 to get 27.5. Then, we multiply 107 by 102 to get 10°. The final
result is 27.5 x 10? or 2.75 x 10'°.

Note: By convention, we write a number like 12,300 as 1.23 x 10* rather than
123 x 102. For example, we'd write 2.75 x 10'° instead of 27.5 x 10°.

95
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8. Significant digits

When we identify a number, we want to be as precise as possible. For ex-
ample, if we are pretty sure a distance is 2.3 m, we wouldn’t want to round
it off and say it is 2 m. On the other hand, we don’t want to create the
impression that we know the distance to more precision than we actually do.
That is, if we are pretty sure the distance is 2.3 m but aren’t sure whether
it is 2.32 m or 2.28 m or 2.30 m, then we wouldn’t want to say the distance
was definitely 2.325617 m!

So, we only write down the digits that we are pretty sure of (some people
add one additional digit that has been estimated). We call these digits the
significant digits. All others we have no confidence in and thus should not
be written.

Note: If you are pretty sure a number is something like 5.50 and not 5.51 or
5.52, then you should go ahead and include the zero.

8.1 A method of predicting significant digits

To determine the number of digits in an answer that are significant, the best
way is to vary numbers as in the following example.

Example 8.1: What is 2.5 x 3.8765/87.207

Answer 8.1: If we plug these numbers into a calculator, we get 0.111138
as the answer. However, not all of these digits are significant. To find which
ones are significant, we will go through the process outlined above.

First we assume that all the digits given in the numbers are significant.
Consequently, the number “2.5” could be anywhere between 2.45 and 2.55.
The number “3.8765” could be anywhere between 3.87645 and 3.87655, The
number “87.20” could be anywhere between 87.195 and 87.205.
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There are eight combinations we can try.

2.55x3.87655 _
2550 8655 _ 0113550
£:09X9.01099 0.113369

235080 _ 113353
2550865 _ 113366
2.458x731.%?655 '

2A5XI 81655 = (0.108911
72-458??’1%7655 = 0.108923
72458*723%45 = 0.108908
240X38105 = (.108920

As you can see, the answer varies from 0.108908 to 0.113369 (or 1.08908x 107!
to 1.13369 x 1071). All of these numbers equal 0.11 when rounded. We would
say the answer is 0.11 or 1.1 x 10~!. Only two digits are significant.

This can get quite tedious, especially if we have many numbers involved.
If we were making measurements in a lab, the method used above might be
needed. For our purposes, however, we only need a “quick-and-dirty” method
that gives the approximate number of significant digits.

This “quick-and-dirty” method has a different rule depending on whether
you are adding/subtracting or multiplying/dividing:

1. If you are multiplying or dividing, the number of significant digits in the
product or quotient is approximately the number of significant digits
in the least precise number used in the calculation. For example, in
example 8.1, the least precise number was 2.5, which had only two
significant digits.

2. When adding or subtracting, each place is significant only if that place
was significant in every number used in the calculation. For example,
if we add 2.5 + 3.8265 + 97.2, only the tenths place is significant. If
we instead write “2.5”7 as “2.57777” to indicate our uncertainly over
the unwritten digits, we can see this clearly when the sum is written

as follows.
2.57777
+ 3.82657
4+ 97.27777
103.57777

Example 8.2: What is 1.234567 + 130.0 + 3.417
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Answer 8.2: If we just put the numbers in a calculator, we get 134.644567.
However, the hundredths place is not significant in “130.0”; only the tenths
place is significant. Consequently, only the tenths place is significant in the
answer. We would write 134.6 (or 1.346 x 10* as the answer).

Example 8.3: What is 2.5 x 3.8765/13.407

Answer 8.3: If we plug these numbers into a calculator, we get 0.723228
as the answer. However, the number “2.5”7 only has two significant digits.
Consequently, the answer should only have two significant digits. We would
write 0.72 (or 7.2 x 1071).

It is important to keep in mind that this method only gives the approximate
number of significant digits in the answer. For example, if we used the
tedious method in example 8.3, we would find that the answer could vary
from 0.70849 to 0.737977. The answer doesn’t really have two significant
digits. Instead of writing the answer as 0.72 (as predicted by the short-cut
method), it would be better to write the answer as 0.723 £0.015. The short-
cut method is okay as long as we realize that it only predicts an approximate
precision of the answer. If we really need to know the precision of the answer
(as when we are doing measurements in the lab), a better method is needed.

Example 8.4: (a) What is 2.513 x 3.87657
(b) What is 4.522 x 1.24867
(c) What is the product of (a) and (b)?

Answer 8.4: (a) Plugging into a calculator, one gets 9.7416445. Since
the least precise number used in the calculation has 4 significant digits, the
answer should be written as 9.742.

(b) Plugging into a calculator, one gets 5.6461692. Since the least precise
number used in the calculation has 4 significant digits, the answer should be
written as 5.646.

(¢) The product of 9.742 and 5.646 is 55.003332. With four significant digits,
the answer is 55.00 (or 5.500 x 10').

A common mistake is to round the intermediate steps too much. For example,
if we instead round the answer in part (a) to 9.7 and the answer in part (b)
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to 5.6, our answer in part (c) is 54.32. This is not correct. Even if we round
to two significant digits, we get 54, which is still not correct.

As a rule, do not round at all until the end.

Example 8.5: (a) What is the product of 4.352 and 2.37
(b) What is the product of 5 and 2.01237

Answer 8.5: (a) Plugging into a calculator, one gets 10.0096. Since the
least precise number is “2.3”, which has two significant digits, the answer
must be 10.

(b) Plugging into a calculator, one gets 10.0615. Since the least precise
number is “5”, which has one significant digit, the answer must be 10.

Notice that the answer is 10 for both part (a) and part (b) of the example.
However, in part (a), the number is supposed to have two significant digits
while in part (b) the number is only supposed to have one. How can we write
the number 10 so that our audience knows how many digits are significant?

The answer is to write it in scientific notation. The answer to part (a) would
be 1.0 x 10! whereas the answer to part (b) would be 1 x 10



9. Mathematics

9.1 Average vs. midrange

To get a sense of what an average means, consider the following example.

Suppose you buy five apples at five different stores. The prices
are $1.00, $0.95, $0.75, $0.80, and $0.80. To find the average
price per apple, add up the total amount you spent, and divide
by the number of apples. You should get $0.86 per apple as the
answer.

There are many different schemes for computing an average. This partic-
#| ular type of average is called the mean. This is the type of average that
is relevant to the equations of motion and so it is the one we will use.

This works for more than just apples. You are probably familiar with figuring
out your average grade, so consider the following example:

Suppose you take five exams during a semester and receive the
following scores: 100, 95, 75, 80 and 80. To find the average exam
score, add up all five values and divide the total by the number
of exams. You should get an average score of 86.

Notice that in both cases the average is somewhere between the minimum
and maximum values (e.g., 86 is between 75 and 100) but is not equal to the
midrange value, which is the value exactly midway between the minimum
and maximum values. In this case, the minimum is 75 and the maximum is
100 so the midrange value would be 87.5.

IS THE AVERAGE EVER EQUAL TO THE MIDRANGE VALUE?
Yes, it can be.

Consider, for example, the following series of test scores: 60, 70, 80, 90, 100.
In this case, the average score would be 80, and that also happens to be the
midrange value.

61
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This particular example happens to be an arithmetic progression, which is
a sequence of numbers where each number differs from the preceding number
by a fixed difference. In this case, each test score differs from the previous
test score by 10.

Another example of an arithmetic progression is 5, 3, 1, —1, —3. In this
case, the progression is toward negative numbers, so this is called a nega-
tive arithmetic progression (as opposed to a positive arithmetic progression).
However, either way, the maximum and minimum values are provided by the
first and last values (or last and first values).

Example 9.1: Suppose you had the following series of numbers: 20, 19, 18,
17, 10. Is the average value also equal to the midrange value? Why or why
not?

Answer 9.1: No. The numbers do not uniformly decrease. The midrange
value would be 15 (since the minimum is 10 and the maximum is 20). The
average is not 15 because there are more numbers greater than 15 than less
than 15, which pushes the average to be higher than 15.

Now that you’ve gotten a sense of what an average is, let’s apply this to
velocity (see volume I).

Suppose an object starts with a velocity of 5 m/s in the positive direction
and steadily speeds up, gaining 2 m/s in the positive direction every second
for five seconds. So it starts with a velocity of +5 m/s and at each succeeding
second is moving at +7 m/s then +9 m/s then +11 m/s then +13 m/s and
finally +15 m/s five seconds later.

Since this is an arithmetic progression, the average value is equal to the
midrange value. In this case, the minimum value is +5 m/s and the maximum
value is +15 m/s, so the midrange (and thus the average) is +10 m/s.

For the average velocity to be the midrange value, the acceleration must be
constant. In the case just considered, for example, the object’s acceleration
is 2 m/s? in the positive direction for the entire five seconds.

Example 9.2: Suppose an object is traveling at a constant velocity of
+10 m/s for four seconds and then suddenly slows down to a stop, tak-
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ing one second to do so. Is the average velocity during the five seconds equal
to the midrange value (+5 m/s)? Why or why not?

Answer 9.2: No. The velocity values do not uniformly decrease. The
midrange value would be +5 m/s (since the minimum is 0 and the maximum
is +10 m/s). The average is not +5 m/s because the object spent more time
with the speeds greater than 5 m/s than speeds less than 5 m/s.

As you can see in the example, the midrange is not always equal to the aver-
age. However, for situations where the acceleration is constant, the average
velocity is indeed equal to the midrange value. This is nice, because most
of the situations we’ll examine for the time being are those where the forces
are constant, and according to the law of force and motion the acceleration
is constant when the net force is constant.

9.2 Slope

The slope of a line on a graph is defined as the rise over run, where the “rise”
is the change in the vertical coordinate and the “run” is the in the horizontal
coordinate.

Typically in math we use y for the vertical coordinate and z for the horizontal
coordinate. Consequently, the general expression for the slope is as follows:!

_ Ay
Az

m

(9.1)

For a straight line, there is just one slope value. This means the Ay/Ax ratio
is the same regardless of what Az interval we choose. A larger Ax value just
means that Ay will be larger as well.

It is for this reason that the equation of a straight line can be written with
a single slope value m. Typically, it is written as follows:

y=mx+b

IAccording to the “Earliest Uses of Symbols from Geometry” web page at
http://jeff560.tripod.com/geometry.html, the earliest known use of the letter m to in-
dicate slope is from 1757, as part of a general equation for a line (written as y = mx +n).
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This equation can be derived by assuming a constant slope and then rear-
ranging the definition of the slope.

_ Ay
Az

Since the slope is the same regardless of which two points we choose on the
line, we’ll make things easy and choose one of the points to be where x = 0.
We'll use yp to indicate the y value when z is zero. The other point can be
at any x and y value pair, so we’ll use x and y to indicate those values. That
means that Ay can be written as y — 3y, and Ax can be written as  — 0 or
just x. We thus get:

m

Multiply both sides by = and then add g, to both sides to get:
mx + Yo =Yy
Flipping sides, we get:
Y =mz+ Yo
By convention, we use b instead of 1, giving us the traditional format for

the equation of a straight line (constant slope):!

y=mz+Db

WHAT IF THE LINE IS CURVED AND NOT STRAIGHT?

If the line is curved and not straight then there is not a single value of the
slope and so we cannot use this equation. However, we can still figure out
the average slope of various portions of the curve by apply the definition of
slope.

For example, consider the graph shown in Figure 9.1.
WHAT 1S THE SLOPE OF THE CURVE?
The slope depends on what portion you examine.

If you consider the entire portion shown, from the left end at (0,0) to the
right end at (3,15), the total rise is 15 and the total run is 3. From the

iThe letter b is used because it seems the general equation for a line may have, at one
time, been written as (x/a) + (y/b) = 1, which can be re-arranged to get y = (—b/a)x +b.
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Figure 9.1: A sample graph. Dashed lines are explained in the text.

definition of slope (equation 9.1), we get a slope equal to 15 divided by 3,
which equals 5.

Since there is no single slope value for this curve, you might wonder what
the value of 5 corresponds to. It turns out that this is the slope of dashed
line A in Figure 9.1, which is the straight line drawn from the left end at
(0,0) to the right end at (3,15).

The actual curve has portions where the slope is greater than 5 and other
portions where the slope is less than 5.1 So, using the end points actually
gives you the average slope of the curve between those two points.

For a curved line, the definition of slope (equation 9.1) gives the average
slope over the portion selected.

As an example, suppose we want to know the average slope between the
points (1,15) and (3,15). We might expect that the slope is close to zero,
since the curve rises between x = 1 and x = 2 (meaning the slope there is
greater than zero) and falls between x = 2 and z = 3 (meaning the slope

Hn this case, it turns out that for points to the left of around = 1.5, the slope of the
curve is actually greater than the slope of that straight line. Conversely, for points to the
right of around = = 1.5, the slope of the curve is less than the slope of that straight line.
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there is less than zero). To find out, we take the total rise (zero, since then
y value on the right is the same as the y value on the left) divided by the
total run (2) to get a slope equal to zero. This is consistent with what we
expected.

9.3 Scaling

The law of gravity is given in volumes I and II:

mimes
2

=G
Fl=c™
When dealing with an equation that seems as complicated as this, it helps
to use the idea of proportions, which is discussed in volume I. Proportions
can give us insight into a relationship without needing to do a lot of math.

For example, we know that the gravitational force on two interacting ob-
jects is less if the two objects are farther apart. Let’s use our knowledge of
proportions to determine how much less.

For our example, let’s suppose the distance is increased by a factor of n so
that the distance increases from a distance r to a distance equal to nr. What
happens to the force?

To answer this, we first notice that the r is in the denominator. That means
the force must decrease. Next we notice that the r is squared. When we
replace r by nr, the denominator goes from r? to n?r2. Since the denominator
increases by a factor of n?, that means the force decreases by a factor of n?.

For example, if  is doubled then |Fy| is quartered (a factor of one-fourth).

Notice how we can get this result without doing a lot of arithmetic. For
example, we didn’t need to use the numerical value for G' or know the mass
values or even the actual value of r. All we really needed to know was the
ratio between the new and old values of r (e.g., the value is doubled).

One could instead plug in values of G, r and the masses and then see
what happens when the value of r is doubled. However, not only would
that be more work but it would only tell us what the value does for that
particular case.
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The process we used above is known as scaling, which is a really valuable
tool, not just for physics, and shows how understanding proportions can
make your life easier.

As an additional example, let’s consider the problem described in volume I
where it states that the magnitude of the gravitational force on an object
(due to Earth) is only 1% smaller at an altitude of 3.19 x 10* m above Earth
than what it is when the object is on Earth’s surface.

To see how I got this number, we first need to recognize that if r increases
by a factor of n then |F,| must decrease by a factor of n?. Going backwards,

if \ﬁg] decreases by a factor of n then r must increase by a factor of v/n.

So, if we want the magnitude of the gravitational force to decrease by 1%
(i.e., decrease to 0.99 of its original value) then r must increase by the square
root of that factor (i.e., the square root of 0.99).

The square root of 0.99 is 0.995. Consequently, r must increase to 1/0.995 of
its original value. Since this ratio equals 1.005, that means it must increase
by 0.5%. Half of one percent of 6.371 x 10° m is 3.19 x 10* m, as asserted
before.

We can also use scaling to show that the gravitational force is significant only
if at least one of the objects is very massive."Y Recall that it is because of
this that we can ignore the gravitational force between ordinary objects (like
you and a ball) because the mass of these objects are simply too small.

ORDINARY OBJECTS ARE MUCH CLOSER TO EACH OTHER THAN THE SIZE
OF EARTH. WOULDN'T THAT MAKE THE MAGNITUDE OF THE FORCE
BETWEEN ORDINARY OBJECTS EVEN GREATER?

This is where scaling can help us.

We know that the magnitude of the gravitational force will be larger when
the distance between objects is smaller. An object on Earth’s surface is
6.37 x 10° m from Earth’s center (an amount equal to Earth’s radius). Two
ordinary objects, like a person and a ball, are much closer to each other than
that.

While we could answer this question by calculating the gravitational force
between two ordinary objects, using typical masses and a typical separation

¥Like the moon, Earth or sun.

? Unless one (or

both) of the objects
is very massive,
the gravitational
force will likely be
insignificant.
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distance, and then comparing that to the gravitational force on one of the
objects by Earth, we’ll instead using scaling.”

For example, let’s suppose we scale Earth’s radius down by a factor of X
(so that X is some small fraction). From the law of gravity, we know that
decreasing the radius by a factor of X means that the denominator will
decrease by a factor of X?2.

However, that assumes the mass will remain the same. If Earth’s radius
decreases, so will its mass, and that will affect the gravitational force.

Since the volume is proportional to the cube of the radius, decreasing the
radius by a factor of X means that the volume decreases by a factor of X?3.
Since the mass is proportional to the volume (for the same density), that
means the mass must likewise decrease by a factor of X3,

From the law of gravity, we can see that decreasing the mass by a factor of
X3 means that the numerator will decrease by a factor of X3,

The X? in the denominator only partially cancels the X3 in the numerator.
The end result is a factor of X3/X? which is equal to X.

So overall, when the object gets smaller (and closer) by a factor of X, the
gravitational force gets smaller by a factor of X (assuming the density stays
the same). Consider that a rock 6.37 cm in diameter is one hundred million
times smaller than Earth. That means the gravitational force due to the rock
will have a magnitude one hundred million times smaller than the gravita-
tional force due to Earth, even though the rock is one hundred million times
closer.

This is why we tend to ignore the gravitational force except in those situations
where one or both of the objects are very massive (like the sun or Earth). In
other words, we will assume that everyday objects (like you, me and the ball)
don’t exert a measurable force on each unless they are actually in contact,
in which case the force is due to contact rather than gravity.

VTo do it with numbers, we could use 70 kg for the person and 1 kg for the ball with a
separation distance of 1 m. Plugging those numbers into the universal law of gravitation,
one gets a gravitational force of magnitude 4.7 x 1079 N. A ball would have to have a mass
of about 200 million kg in order for the force to even be one newton, still a small fraction
of the gravitational force on it due to Earth.
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One could also go backward and infer the density of a planet or moon
by using our knowledge of its gravity (which can be obtained by putting
something in orbit around it; see volume I). Indeed, this is how NASA
can report on the density of the moon (and rule out otherwise-plausible
hypotheses about how the moon and Earth formed) even though no one
has seen the interior of the moon.

9.4 Vectors vs. Scalars

We use the word vector to describe variables that have both a magnitude
and a direction. Examples of vectors include displacement and velocity.

A variable that doesn’t have a direction, like time, is called a scalar. A scalar
is represented by only a single number that does not depend on whether we
are in one or two dimensions. For example, temperature is always represented
by a single number (and unit).

WHAT IS THE DIFFERENCE BETWEEN THE MAGNITUDE AND A SCALAR?

Since the magnitude of a vector does not include the direction, technically
the magnitude of a vector is a scalar quantity.

ARE MAGNITUDES ALWAYS POSITIVE? WHAT ABOUT SCALARS?

The magnitude is always positive."! So, if we have two velocities, one that
is 20 m/s toward the east and another that is 20 m/s toward the west, the
magnitude of both is 20 m/s, even though they point in different directions.

Indeed, if we rewrite the second one to be —20 m/s toward the east (since
that is the same as +20 m/s toward the west), its magnitude would still be
20 m/s.

Some scalar quantities can have negative values. For example, if a tem-
#| perature of zero corresponds to when water freezes then we can have
negative temperatures.

ARE COMPONENT VALUES VECTORS OR SCALARS?

ViThis does not include situations where the word magnitude is used for some other
purpose. For example, stellar magnitude is defined in such a way that it can be a negative
number.
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That depends on what you mean by “component values.” As we already
know, a vector in two dimensions can be written as two values, one for each
component direction. For example, for a displacement three blocks toward
the east and two blocks toward the north, the eastward component value is
three blocks. That is a scalar. The eastward component direction is, well,
eastward.

It is traditional to refer to the component direction as a vector with value
#| of one (no units). In that case, it is called a unit vector. An example

of a unit vector would be Z.

9.5 Finding Vector Direction

This text examines two-dimensional motion in terms of two perpendicular
components. However, sometimes we want to know the magnitude and di-
rection of a result, not just the component values.

In volume I, the Pythagorean Theorem
A% = A% + A;

was introduced as a way of finding the magnitude (A) of a vector from the
two component values (A, and A, ). However, I never mentioned how to find
the direction of the vector.

It turns out that we need to use the inverse trigonometric functions to find
the direction of a vector from its components.

In a way, the method almost seems like cheating. For, just as the trigono-
metric functions “take in” an angle (direction) and “spit out” the relative
fractions of the components, there are “inverse” trigonometric functions that
do the reverse: they “take in” the relative fractions of the components and
“spit out” an angle (direction).

WHAT ARE THESE INVERSE TRIGONOMETRIC FUNCTIONS CALLED?

They are called the inverse cosine, the inverse sine and the inverse
tangent.""

WHICH INVERSE TRIGONOMETRIC FUNCTION DO I USE?

VitWhat can I say? Mathematicians aren’t very imaginative.
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Most people use the inverse tangent function, so that is the one I will show
you.

To use the inverse tangent function, you first have to recognize that the
tangent function, like the sine and cosine functions, represents a ratio. For
the tangent function, the ratio is A, divided by A,:

A
tanf = -2

Ay

where:

0 represents the angle between the vector and the Z direction
A, represents the component value in the z direction, and
A, represents the component value in the y direction.

I'll use 6 to indicate an angle. It is the Greek letter “theta.” As discussed
in volume I, we use Greek letters for angular quantities.

Like the sine and cosine functions, the value of the tangent function depends
upon the angle (indicated by 6)."'! For a particular angle, there is a particular
ratio of A, to A,. In other words, given the angle 6, the tangent function
provides the fraction A,/A,.

In our case, we know the values of A, and A, (and thus the ratio as well)
but we don’t know the angle §. We need to go “backwards” (from A,/A, to
6, rather than from 6 to A,/A,).

The backward process, which we call the inverse tangent, is indicated as
1

tan~! in mathematical expressions.™ So, mathematically, we have
A
0 =tan! (y> 9.2
an 1 (9.2)

where 6 is the angle between the vector and the z direction.

The notation is a little confusing, so I'd like to make a comment about that.

ViliTy) the expression, it looks like I am multiplying tan by the angle # but I'm not. The
two together (tan @) means to find the tangent value that corresponds to the angle §. On
a calculator, one might type in the angle and then hit the tangent button.

ix] jkewise, the inverse sine is indicated as “sin™!” and the inverse cosine is indicated as

“COS_l.”
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The convention® of indicating the inverse trigonometric functions via a raised
“—1” can lead to confusion if you aren’t careful. Up until now, you’ve proba-
bly only encountered the raised “—1” to mean “one divided by the number.”
For example, 7! means 1/x. For the inverse trigonometric functions, like
cosf, the raised “—1” does not mean we divide 1 by the function (e.g.,
1/cos®). Rather, it means a separate function that does the reverse pro-
cess.™

Let’s try it out on a calculator now.

The fraction A,/A, is unitless, so it doesn’t matter what unit you use for
A, and A,, as long as they are the same when you calculate the ratio. That
way, the ratio is unitless (i.e., the units will cancel).

For example, if A, and A, are the same, then the ratio will be 1 (with no
units).

So, take the inverse tangent of 1 on your calculator.

On some calculators, the inverse function is obtained by pressing a “2nd”
or “INV” button before pressing the trigonometric buttons.

The answer you get is an angle (indicated by 6 in equations).

There are several units for angle (e.g., degrees and radians). Which unit your
calculator is using depends on how your calculator is set up. If your calculator
is set up to provide the answer in degrees, you should get 45 degrees. If your
calculator is set up to provide the answer in radians, you should get 0.785
radians. Try it now and make sure you can properly interpret the number
your calculator is giving you.

WHY 1S 45 DEGREES EQUAL TO THE INVERSE TANGENT OF ONE?

If the ratio is one, that means the two components are equal. The two
components are equal only if the direction is exactly midway between the
two component directions. That means the angle is 45 degrees.

*This is the mathematical convention. You might find a different convention in other
contexts. For example, Excel uses “acos”, “asin” and “atan” to represent the three inverse
functions.

*IThe word “inverse” is used in the same way when we say that 1/z is the inverse of
z. Consider, for example, if you want to convert inches into centimeters. To do so, we
multiply the value (in inches) by 2.54 cm/in. If we let x equal 2.54 ¢cm/in, this is saying
that we can convert a value from inches into centimeters by multiplying by . To do the
reverse and convert a value from centimeters into inches, we can multiply by 1/x. In other

words, multiplying by 1/x does the inverse function that x did.
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To show you how to use the inverse tangent, let’s look at displacement of 10
m in a direction 30 degrees east of north. Using the sine and cosine of 30
degrees then multiplying by the 10 m, we get that the two components are
5 m and 8.66 m.

Let’s suppose we knew neither the magnitude nor the direction — only the
values of the components (5 m and 8.66 m). Using equation 9.2, we can get
the angle with the inverse tangent function:

6 = tan '(As,/As,)

— tan! ((8.66 m)/(5 m))
= tan '(1.732)

which gives a value of 60 degrees.

ISN’T THE ANGLE SUPPOSED TO BE 30 DEGREES?

To understand why the inverse tangent is 60 degrees in this example, we have
to recognize that we can form the ratio two ways: As,/As, or As,/As,. One
of those ways will give an angle of 60 degrees and the other way will give an
angle of 30 degrees.

The angle that is provided is the angle from the component direction used in
the denominator. Since the x component was used in the denominator, the
angle in this case is 60 degrees (i.e., 60 degrees from the & direction).

If we had instead used the fraction As,/As, (i.e., 5/8.66), the inverse tangent
would give a value of 30 degrees.

In general, always interpret the angle that the calculator gives you. If you
forget that the angle is given relative to the component direction used in the
denominator, you can always tell which angle is which simply by comparing
the two component values. Which one is bigger? The direction will be closer
to that component direction.

Another reason for drawing a picture is that it should be pretty clear
#| from the values of the two components whether the calculator has given
you the angle in degrees or not.

Problems

Problem 9.1: For which of the following series of numbers is the average equal
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the midrange value? If so, what is the average? If not, why not?
1,2,3,4,5

to
(a)

(b) 5,4, 3,2, 1
(c) 5, 5,5,2 1
(d) 1,4, 7, 10, 13
() 1,1,1,1,5

Problem 9.2: For which of the following situations is the average velocity
equal to the midrange value? If equal, identify the average velocity. If not
equal, explain why it is not equal.

(a) Initial velocity of +1 m/s and accelerating uniformly at +1 m/s? for 4 s
(b) Initial velocity of +5 m/s and accelerating uniformly at —1 m/s? for 4 s
(c) Initial velocity of +5 m/s and remaining at that constant velocity for 2 s
before accelerating uniformly at —2 m/s? for an additional 2 s

(d) Initial velocity of +1 m/s and accelerating uniformly at +3 m/s? for 4 s
(e) Constant velocity of +1 m/s for 4 s

Y Y

Problem 9.3: In math class, the slope or steepness of a line on a graph is
equal to the vertical change in the line divided by the horizontal change in
the line. Is this a law, a definition or a derived relationship?

Problem 9.4: (a) In Figure 9.1, what is the average slope between x = 2 and
x =37

(b) In Figure 9.1, what is the slope right at = = 2: positive, negative or
zero?



10. Using electronic meters

Most likely, you will be using a meter that can work as both an ammeter and
a voltmeter. Such a meter is called, naturally enough, a multimeter.

10.1 Ammeters

To measure current with a multimeter, you need to “select” the ammeter.

There are lots of different types of multimeters, so there is not one set of
instructions that will work on all of them. Thus, you need to look at whatever
multimeter you encounter and determine how to select the ammeter.

However, there are some features that are common for all multimeters and
since you will likely be using them a lot in this course, I'd like to go through
some of the general features of a multimeter. In particular, I'd like to point
out the features you need to be aware of in order to use it as an ammeter.

to the right.

A simple schematic of a typical multimeter is shown I-I I-I I-I

<

One uses the knob in the center to choose the type of
reading you’d like to make. To measure steady cur-
rent, rotate the knob so that it points to A. To mea-
sure the RMS value (for AC current) select the “A”
with the wavy line on top, A.

¢

At the bottom of the meter are four sockets (indi-
cated by small circles in the figure). The sockets are O O O O
designed to accept a type of test lead called a “banana | V3 com 200ma 10a
lead,” which have ends that look a little like a banana.

The sockets are usually color-coded so that we know where the current goes
in (red) and where the current comes out (black).

I6)
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Because the meter can be used to measure lots of different things, there are
several red input sockets, depending on what you want to measure.

w_»

On the other hand, there is just one black output socket, indicated as
or “COM?”, because that socket is common to all measurements.

If the connections are reversed (between the input and the “COM” ports),
#| the ammeter will read a negative current. This does not harm the am-
meter. It just means that the current is flowing the reverse way.

To read current, you need to use either the “200 mA” or “10 A” input sockets.

Which input port you chose depends on how much current will be passing
through the meter.

e The “10 A” scale measures current up to 10 A. You should always start
with the 10 A scale, as it will work for all currents (up to 10 A). The
disadvantage is that it does a poor job of measuring currents less than 200
mA.

e The “200 mA” scale measures current up to 200 mA. It does a better job
of measuring small currents but to do so it requires a sensitivity that can
be destroyed with too much current.

For that reason, you should not use the 200 mA scale until you've first
measured the current with the 10A scale and have verified that the current
is not more than 200 mA.!

Because the 200 mA scale is so sensitive, most multimeters use a fuse
with the 200 mA scale that melts if more than 200 mA of current flows
through the meter. This way, if too much current flows through the meter,
the fuse melts, breaking the circuit and stopping the flow of current. Of
course, that also prevents the meter from working until you replace the
fuse.

If the meter starts to beep or just show or flash a “1”7 that means that
the current is higher than the value indicated by the scale.! You should
disconnect the meter from the circuit, as it is possible that you are passing
too much current through the meter.

iTt can be easy to make a mistake and connect the ammeter in its own separate path
rather than along the same path as the other element or elements through which the current
is already passing. This will send more current through the meter than you expect.

i Just because you use a particular input, like 200mA, does not mean that the meter
display is set to show currents up to that value.
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Just turning off the meter is usually insufficient as current may continue
to flow through the meter. Similarly, whenever you change the type of
measurement the multimeter is making (e.g., from voltage to current),
make sure that the multimeter is disconnected from the circuit (otherwise
you are in danger of blowing the fuse if the connection and/or scale is
not appropriate).

10.2 Voltmeters

One can use a multimeter to measure voltage as well as current. An example
of a multimeter is shown on page 75. To measure steady voltage, you need
to rotate the knob so that it points to V (the “V” with a bar over it). To
measure the RMS value (for AC voltage) select the “V” with the wavy line
on top, V.

A voltmeter uses two sockets. The “+” socket will likely be labeled “V” (as
in the figure on page 75). The “—” socket is usually labeled “COM” (since
it is the common socket used for all of the various types of measurements).
Flipping the connections doesn’t hurt the meter. It just switches the reading
from positive to negative (or visa-versa).

10.3 Oscilloscopes

T An oscilloscope

As mentioned above, one can use a multimeter (via the “AC” scale) to mea- Measures voltage.

sure the AC voltage (via the RMS value). Another way is measure the AC
voltage to use an instrument called an oscilloscope.

An oscilloscope is just a fancy voltmeter. An example of an oscilloscope is
shown below.
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At first glance, an oscilloscope looks very complicated because there are many
controls on the face of the oscilloscope. Fortunately, the controls break down
nicely into six areas. Of the six areas, only three are crucial to know in order
to use the oscilloscope as a voltmeter:

1. The display area is the gridded area on the left. This is where the
voltage signal is displayed. Unlike a multimeter, which displays just a
number, an oscilloscope graphs the voltage as it varies in time. In this
case, the figure shows a voltage that is oscillating sinusoidally (i.e., like
a sine function).

2. The area entitled “VERTICAL” controls the vertical axis of the graph.
The vertical axis represents the voltage of the source. This area is
separated into two parts (A and B) in case the user wants to measure
the voltage across two different objects (in which case there would be
two plots in the graph area).

3. The area entitled “HORIZONTAL” controls the horizontal axis of the
graph. The horizontal axis represents time.

The way you make a voltage measurement with the oscilloscope is similar
to the way you make a voltage measurement with a multimeter. Remember
that to measure the voltage across a battery with a multimeter, one connects
the “COM” (or “—") port of the meter to one end of the battery and the
“V” (or “+7) port of the meter to the other end.

The oscilloscope, like the multimeter, also has two connections to measure
the voltage but it differs from the multimeter in two ways.

One way it differs is that the oscilloscope can measure two voltage values
at the same time. As mentioned before, the oscilloscope’s “VERTICAL”
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section has two parts. Each part has a duplicate set of controls. Each set
corresponds to a separate input (or “channel”).

WHY DO YOU NEED TWO INPUTS?

The two inputs are provided in case you want to compare the voltage across
one part of the circuit with the voltage across another part of the circuit.

WHERE ARE THE “4” AND “—” PORTS OF THE OSCILLOSCOPE?
That is the other difference between the oscilloscope and a multimeter.

Rather than having two “banana” slots (one for “+” and one for “—"), there
is a separate “4-” port for each input and a common “ground” port.i In the
figure, the ground port is indicated as “GND” and the two input ports are
indicated as “INPUT A” and “INPUT B”.

So, to measure the voltage across a battery, we connect the input port to one
end of the battery and the ground port to the other end of the battery.

How DO WE USE THE OSCILLOSCOPE TO MEASURE THE VOLTAGE ACROSS
AN ELEMENT IN A CIRCUIT?

The method is similar to how you would measure the voltage across a battery.
Connect the input port to one end of the element and the ground port to the
other side.

CAN WE USE THE OSCILLOSCOPE TO MEASURE THE CURRENT THROUGH
THE CIRCUIT ALSO?

No. The oscilloscope measures voltage, not current.

However, we can still use it to measure current indirectly. In other words,
we could measure the voltage across a resistor. Then, assuming we know the
resistance of the resistor, we could then use V' = IR to calculate the current
through the resistor.

How DO YOU KNOW WHAT THE VOLTAGE IS IF THE OSCILLOSCOPE DOESN’T
GIVE YOU A NUMBER?

To determine the voltage, you need to convert the graphical display to a
numerical value. Voltage is measured vertically on the graphical display.

i Actually, each input is “coaxial”, which means there is an outer conductor wrapped
around an inner conductor. This can be converted to the typical dual-input plugs via a
“banana to coaxial” converter (or BNC clip). The BNC clip usually has a red port (for
“+7) and a black port (for “—7).
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Each horizontal line on the display represents a certain amount of volt-
age. The voltage that corresponds to each horizontal line is given by the
“VOLTS/DIV” scale (see figure). Changing the “VOLTS/DIV” scale does
not change the voltage, it only changes how much each horizontal line rep-
resents.

For example, if in the figure the “VOLTS/DIV” scale was 1 V/division, then
the signal being measured in the figure has an amplitude of about 3.3 V (i.e.,
6.6 V peak-to-peak).

WHAT BENEFIT DOES GRAPHING THE VOLTAGE HAVE?

The benefit of the graph (on an oscilloscope) as opposed to just a number
is that it allows us to show how the voltage varies with time (which is the
horizontal axis; the time scale can also be chosen on the oscilloscope).

+

Because of the graphing ability, we indicate the oscillo- I:
scope in a circuit schematic via a circle with a wave in it.
This is illustrated to the right, where a battery is con-

nected to three resistors in series. The voltage across the : X
circuit is measured by an oscilloscope (the dashed lines . _ _ _ t@.—_ -
indicate that no current flows through the oscilloscope).

How DO WE MEASURE TWO VOLTAGES AT ONCE?

For the most part, you can treat the two inputs to the oscilloscope as two
separate “voltmeters”, each with their own controls for scale. However, on
some oscilloscopes, when you do this you need to worry about where the “—"
port of each input is placed in the circuit.

WHY?

For many oscilloscopes, the “—" port is actually connected to parts of the

building that are grounded (see volume II). Thus, the two “—” ports are
actually connected. If you place those two ports to different points in the
circuit, you are essentially shorting out that portion of the circuit.

Furthermore, many signal generators use the same building ground as the
oscilloscopes, so we need to make sure that the part of the circuit connected
to the ground of the signal generator is also the same part of the circuit that
is connected to the ground of the oscilloscope. Otherwise, you’ll short out
part of the circuit.
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One way to avoid this mistake is to just use one of the “—” ports, and

# | leave the other “—" port alone (it will still be physically connected to the
circuit via the other “—” port).
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11. Lasers

Light in a laser is created via a process called light amplification by stimulated
emission of radiation (or LASER). Stimulated emission refers to the way the
laser gets the atoms to emit light. Essentially, an atom can exist at various
energy “states”. When the atom transfers from a higher energy state to a
lower energy state, it emits light (radiation). A laser contains atoms that
are stimulated in such a way as to emit the light. Exactly how this works is
beyond the scope of this course.

One advantage of using a laser is that only one wavelength is amplified. That
means that the light coming out of the laser has only one wavelength (i.e.,
one color).

WHY IS ONLY ONE WAVELENGTH PRODUCED?

In a laser, the mechanism for producing only one frequency is similar to that
for the violin string. Where for a string the traveling waves reflect off the
ends, in a laser the light reflects off of mirrors. The reflection causes the light
to interfere with itself and form standing waves. The laser cavity is designed
so that a standing wave is set up that has the desired frequency. Thus, the
dimensions of the cavity will determine the frequency that is amplified.

Since only one frequency is amplified, the light that is produced is all of
the same frequency, which is why the laser light is monochromatic'. The
standard classroom laser uses a mixture of helium and neon and produces
light that has a wavelength of 632.8 nm (in vacuum).

IThis is an idealization. Real lasers are not perfectly monochromatic (due to the
Doppler effect; see volume IT). However, we can consider them to be monochromatic when
compared to random emissions.

33
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