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Welcome to the study of physics. This volume, more of a

student's guide than a text of the usual kind, is part of a
whole group of materials that includes a student handbook,
laboratory equipment, films, programmed instruction, readers,
transparencies, and so forth. Havrard Project Physics has
designed the materials to work together. They have all been
tested in classes that supplied results to the Project for

use in revisions of earlier versions.

The Project Physics course is the work of about 200 scien-
tists, scholars, and teachers from all parts of the country,
responding to a call by the National Science Foundation in
1963 to prepare a new introductory physics course for nation-
wide use. Harvard Project Physics was established in 1964,
on tne basis of a two-year feasibility study supported by
the Carnegie Corporation. On the previous pages are the
names of our colleagues who helped during the last six years
in what became an extensive national cvrriculunm development
program. Some of them worked on a full-time basis for sev-
eral years; others were part-time or occasional consultants,
contributing to some aspect of the whole course; but all
were valued and dedicated collaborators who richly earned
the gratitude of everyone who cares about science and the

improvement of science teaching.

Harvard Project Physics has received financial support
from the Carnegie Corporation of New York, the Ford Founda-
tion, the National Science Foundation, the Alfred p. Sloan
Foundation, the United States Office of Education and Har-
vard University. In addition, the Project has had the es-
sential support of several hundred participating schools
throughout the United States and Canada, who used and tested
the course as it went through several successive annual re-

visions.

The last and largest cycle of testing of all materials
is now completed; the final version of the Project Physics
course will be published in 1970 by Holt, Rinehart and
Winston, Inc., and will incorporate the final revisions and
improvements as necessary. To this end we invite our
students and instructors to write to us if in practice they

:00 discern ways of improving the course materials.

The Directors
Harvard Project knysics
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The physicist, Enrico Fermi
(1901-1954), at different
stages of his career in Italy
and America. The photographs
were kindly supplied by Mrs.
Laura Fermi, shown also in the
top photograph.




Prologue * It 1s January of 1934, a dreary month in the city
of Paris, and a husband and wife are bombarding a bit of
aluminum with what are called alpha particles. Does this
seem like a momentous event? Certainly not when stated so
baldly. But let us look at it more closely, for it is momen-
tous indeed.

. . ® . .
Never mind the technical terms. They will not get in the

way of the story. It begins as something of a family affair.

The husband and wife, French physicists, were Frédéric Joliot i;

and Irene Curie, and the alpha particles they used in their
experiment came shooting out of a radioactive metal, poloni-
um, discovered 36 years before by none other than Irene's
illustrious parents, Pierre and Marie Curie, who also dis-
covered radium. What Frederic and Irene found was this:
when bombarded by alpha particles, the commonplace bit of

aluminum became radioactive.

Nothing like this had ever been observed before: a famil-
iar, everyday substance becoming radioactive. The news was
exciting to scientists-——though it made few, if any newspaper
headlines. The news traveled rapidly: by cablegram and
letter. Ibn Rome, Errico Fermi, a young physicist on the
staff at the University of Rome, became intrigued by the
possibility of repeating the experiment of Fréderic and
Irene—repeating it with one significant alteration. The

story is told in che book Atoms in the Family by Enrico

Fermi's wife, Laura. She writes:

.he decided he would try to produce artificial ra-
dioactivity with neutrons [instead of alpha particles}.
Having no electric charge, neutrons are neither at-
tracted by electrons nor repelled by nuclei; their
path inside matter is much longer than that of alpha
particles; their speed and energy remain higher;
their chances of hitting a nucleus with full impact
are much greater. Against these unquestionable ad-
vantages, neutrons present a decidedly strong draw-
back. Unlike alpha particles, they are not emitted
spontaneously by radiocactive substances, but they are
produced by bombarding certain elements with alpha
particles, a process yielding approximately one neu-
tron for every hundred thousand alpha particles.

This very low yield made the use of neutrons appear
questionable.

Only through actual experiment could one tell whether or
not neutrons were good projectiles for triggering artificial
radioactivity of the target nuclei. Therefore, Fermi, at
the age of 33 and already an outstanding theoretical physicist,
decided to design some experiments that could settle the
issue. His first task was to obtain suitable instruments for

. ( detecting the particles emitted by radioactive materials. By
far the best such instruments were what are called Geiger

p
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counters, but in 1934, Geiger counters were still relatively
new and not readily available. Therefore, Fermi constructed
his own.

The counters were soon finished, and tests showed that
they could detect the radiation from radioactive materials.
But Fermi alsc needed a source of neutrons. This he made
by enclosing beryllium powder and the radioactive gas radon
in a glass tube; the alpha particles from radon, on striking
the beryllium, caused it to emit neutrons.

Now Enrico was ready for the first experiments.
Being a man of method, he did not start by bombard-
ing substances at random, but proceeded in order,
starting from the lightest element, hydrogen, and
following the periodic table of elements. Hydrogen
gave no results: when he bombarded water with
neutrons, nothing happened. He tried lithium next,
but again without luck. He went on to beryllium,
then to boron, to carbon, to nitrogen. None were
activated. Enrico wavered, discouraged, and was
on the point of giving up his researches, but his
stubbornness made him refuse to yield. He weculd
try one more element. That oxygen would not oecome
radioactive he knew already, for his first bombard-
ment had been on water. So he irradiated flourine.
Hurrah! He was rewarded. Fluorine was strongly
activated, and so were other elements that came
after fluorine in the periodic table.

N

Emdio Seare (Md O. Chamber- This field of investigation appeared so fruitful

(t:’m ?;m_'ffie d:sw Prize #';n
! or Ve cavery e
arﬁ'pmﬁn.“eb'nowatq;;ie
Uriversity of Califorric. at

that Enrico not only enlisted the help of Emilio
Segré and of Edoardo Amaldi but felt justified in
sending a cable to Rasetti [a colleague 10 had gone
to Morocco}, to inform him of the experi .nts and to
advise him to come back at once. A . while later

b4 : ' : g
B, . ﬁase T i P'.W a chemist, Oscar D'Agostino, joined the group, and

of ph _';x at Johns Hopkins

Again, follow the story to get
a feeling for the atmosphere of
important experiments—don't
worry about details now,

systematic investigation was carried on at a fast
pace.

With the help of his colleagues, Fermi's work at the
laboratory was pursued with high spirit, as Laura Fermi's
account shows:

+..Irradiated substances were tested for radioactiv-
ity with Geiger counters. The radiation emitted by
the neutron source would have disturbed the measure-
ments had it reached the counters. Therefore, the
room where substances were irradiated :and the room
with the counters were at the two ends of a long
corridor. ’

Sometimes the radioactivity produced in an element .
was of short duration, and after less than a minute .
it could no longer be detected. Then haste was es-
sential, and the time to cover the length of the
corridor had to be reduced by swift running. Amaldi
and Fermi prided themselves on being the fastest -
runners, and theirs was the task of speeding short- ‘
lived substances from one end of the corridor to the
other. They always raced, and Enrico claims that he )
could run faster than Edoardo....
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And then, on the morning of October 22, 1934, a fateful

discovery was made.

Two of Fermi's co-workers were irradiat-

ing a hollow cylinder of silver with neutrons from a source

placed at the center of the cylinder, to make it artificially

radioactive. They found that the amount of radioactivity

duced in the silver depended on other objects in the room!

...The objects around the cylinder seemed to influence
its activity. If the cylinder had been on a wooder
table while being irradiated, its activity was greater
than if it had been on a piece of metal. By now the
whole group's interest had been aroused, and everybody
was participating in the work. They placed the neu-

tron source outside the cylinder and interposed objects

A plate of lead made the activity in-
Lead is a heavy substance. "Let's

between them.
crease slightly.

in-

try a light one next," Fermi said, “"for instance, paraf-

£in." [The most plentiful element in paraffin is hy-
drogen.] The experiment with paraffin was performed
on the morning of October 22.

They took a big block of paraffin, dug a cavity in
it, put the neutron source inside the cavity, irradi-
ated the silver cylinder, and brought it to a Geiger
counter to measure its activity. The counter clicked
madly. The halls of the physics building resounded
with loud exclamations: "Fantastic! Incredible!
Black Magic!" paraffin increased the artificially in-
duced radioactivity of silver up to one hundred times.

By the time Fermi came back from lunch, he had already
formulated a theory to account for the strange action of

paraffin.

Paraffin contains a great deal of hydrogen.
Hydrogen nuclei are protons, particles having the
same mass as neutrons. When the source is inclosed
in a paraffin block, the neutrons hit the protons
in the paraffin before reaching the silver nuclei.
In the collision with a proton, a neutron loses part
of its energy, in the same manner as a billiard ball
is slowed down when it hits a ball of its same size
(whereas it loses little speed if it is reflected
off a much heavier ball, or a solid wall]. Before
emerging from the paraffin, a neutron will have
collided with many protons in succession, and its
velocity will be greatly reduced. This slow neu-
tron will have a much better chance of being cap-
tured by a silver nucleus than a fast one, much as
a slow golf ball has a better chance of making a
hole than one which zooms fast and may bypass it.

If Enrico's explanations were correct, any other
subs.ance containing a large proportion of hydrogen
should have the same effect as paraffin. "Let's
try and see what a considerable quantity of water
does to the silver activity,” Enrico said on the
same afternoon.

There was no better place to find @ "considerable
quantity of water" than the goldfish fountain...in
the garden behind the laboratory....
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In that fountain the physicists had sailed certain
small toy boats that had suddenly invaded the Italian
market. Each little craft bore a tiny candle on its
deck. When the candles were lighted, the boats sped
and puffed on the water like real motor-boats. They
were delightful. And the young men, who had never
been able to resist the charm of a new toy, had spent
much time watching them run in the fountain.

It was natural that, when in need of a considerable
amount of water, Fermi and his friends should think

of that fountain. On that afternoon of October 22,

they rushed their source of neutrons and their sj =~

cylinder to that fountair, and they placed

water. The goldfish, I am sure, retained { ‘a.

and dignity, despite the neutron shower, more .uun

did the crowd outside. The men's excitement was fed

on the results of this experiment. It confirmed

Fermi's theory. Water also increased the artificial

radioactivity of silver by many times.

This discovery—that slowed-down neutrons can produce
much stronger effects in the transmutation of certain atoms
than fast neutrons—turned out to be a crucial step toward
further discoveries that, years later, led Fermi and others

to the extraction of atomic energy from uranium.

The reason for presenting a description of Fermi's dis-
covery of slow neutrons here was not to instruct you on
the details of the nucleus. It was, instead, to present a
quick, almost impressionistic, view of scientists in action.

No other discovery in science was made or will be made in

just the way Fermi and his colleagues made this one. Never-

theless, the episode does illustrate some of the character-

istics—and some of the drama—of modern science.

Like rel.igicn, science probably began as a sense of awe
and wonder. In its highest form its motive nower has been
sheer curiosity—the urge to explore and to know. This
urge is within us all. It is vividly seen in the intense
absorption of a child examining a strange sea shell tossed
up from the ocean or a piece of metal found in the gutter.
Who among us has resisted the temptation to explore the
slippery properties of the mud in a rain puddle? Alas,

everyday cares and the problems of growing up overtaxe us

all too soon, and many of us lose our early sense of curios-

ity or channel it into more practical paths. Fortunately,

a few preserve their childlike, wide-eyed wonderment and it
is among such people that one often finds the great scien-

tiste and poets.

Science gives us no final answers. But it has come upon
wondrous things, and some of them may renew our childhood
delight in the miracle that is within us and around us.

Take, for example, so basic a thing as size...or time.

The same process by which neu-
trons were slowed down in the
fountain is used in today's
large nuclear reactors. An ex-
ample is the "pool" research
reactor pictured on the opposite
page.
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A globular star cluster

The estimated size of the universe now
extends to more than a million, million,
million, million times a man's height.
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The smallest known constituent units uf the universe
are less in size tuan 1,000 million millionths of a
man's height.
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Ovr Place in Time
(orders of1 Erinagni tude)

Expected life of sun 10 sec
Age of earth 101¢  sec
Human life span 10° sec
One day 10° sec
Light from sun to earth 10°? sec
Time between heartbeats 10° sec
One beat of fly's wings 1072 sec
Average lifetime of a muon 10"? sec
Average lifetime of pi meson 10 =15 sec
Shortesc-lived particles 10?2 sec

You can learn 10 do ropid mertal calculalions by

a{;’i order
ex e
nuclear

#ieemgﬂ

the air ard “measuring The dislance they weve
blown by the shock wave from the blast.

Fossilized trilobites

The history of the universe has been traced back as

o ngni(&de approxirvalions , Fermi,

W Ihg the explasmn 4’ Fie Flrs’f Particle tracks in a bubble chamber

in New Mexico, quickly compuled
eld by Tassing 6i&_of paper vt

far into the past as a hundred million times the length

of a man's life.

mon

Events have been recorded that last only a
millionth of a millionth of a millionth of a
millionth of a man's heartbeat.

's life x 100,000,000

It is hard to resist the temptation to say more about

these intriguing extremes; however, this is not where physics
started. Physics started with the man-sized world—the world

of horse-drawn chariots, of falling rain, and of flying ar-
rows. It is with this man-sized world that we shall begin.
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Chapter 1 The Language of Motion

Ii’—‘ Your students already, undersiand av

Section
1.1

1.2

speed , you can o tirsugh Seclions 1.0 — .4

very quickly. Test them Wik o couple of

1.3
prdvlems on overage speed, like Sﬂld\&j Guide 1.6

1.4

The motion of things

A motion experiment that
does not quite work

A better motion experi-
ment

Leslie's "50" and the
meaning of average
speed

Graphing motion

Time out for a warning

Instantaneous speed

Acceleration—by com-
pari:on

Summary 1.1

. Molioris we observe da'dﬂ are complex.

&. Historcally, the slud
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15
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23
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There is a very old maxim: "To

. . be i . . )
0{ c M rin fir'e ’iﬁe t co o1 { lllj ie ignorant of motxﬂn is to be
. occu . nos "nig d A | gnorant of Nature.
measuréd. (s a change of posiion. Change of posilion is mdlion.

11 The motion of things. Man crawls, walks, runs, jumps, dances.

To move nimsclf faster, farther, higher, deeper, he invents '
things like sleds, bicycles, submarines, rocket ships. As ‘.
human beings we are caught up in motion and fascinated by it. - 4«
Perhaps this is why so many artists try to portray movement. l_l

It is one reason why scientists investigate motion. The 119
world is filled with things in motion: things as small as ¢

dust, as large as stars, and as common as ourselves; motion

fast and slow, motion smooth, rhythmic, and erratic. We can-

not investigate all of these at once. So from this swirling,

whirling world of ours let us choose just one moving object

for attention, something interesting and typical, and, above

all, something manageable. .ASk the closs this queéf?m

But where shall we startg We might start our investiga-
tion by looking at a modern machine—the Saturn rocket, say,
or a supercharged dragster, or an automatic washing mczhine.

But as you know, things such as these, though made and con-

trolled by man, move in very complicated wavs. We really -
ought to start with something easier. Then how about the / h
bird in flight? Or a leaf falling from a tree? L el
L -
Surely in all of nature there is no motion more ordinary ﬂ
than that of a leaf fluttering down from a branch. Can we P

describe how it falls or explain why it falls? As we think

( about it we quickly realize that, while the motion may be
natural, it is very complicated: the leaf twists, turns,
sails to the right and left, back and corth, as it floats
down. Even a motion as ordinary as this may turn out, on
closer examination, to be more complicated than that of ma-
chines. Although we might describe it in detail, what would
we gain? No two leaves fall in quite the same way; therefore,
each leaf would require its own detailed description. 1Indeed,
this individuality is typical of many naturally occurring

events on earth!

And so we are faced with a real dilemma. We want to
describe motion, but the motions that excite and interest us
appear to be hopelessly complex. What shall we do? We shall
find a very simple motion and attempt to describe it. Those
of us who have learned to play a musical instrument will
appreciate the wisdom of starting with simple tasks. If

our music teacher confronted us in lesson number one with

a Beethoven piano sonata, we would in all probability have
quickly forgone music in favor of a less taxing activity.

The place to start is in the laboratory, because there we

( can find the simple ingredients that make up complex motions.

Di: ‘.@cagn}zing smple molions.

Study for "Dynamism of a Cyclist"
(1913) by Umberto Boccioni. Courtesy
Yale University Art Gallery.
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1.2 A motion experiment that does not quite work. A billiard

This sedion takes the student through the begmming steps of the fdoom‘fory method
That will be used frequerily in fiis course ™ for The stidy of mation.

ball hit squarely in the center speeds across the table in

a straight line. Unfortunately, physics laboratories are

not usually equipped with billiard tables. But never mind.
Even better for our purposes is a disc of what is called dry
ice (really frozen carbon dioxide) moving on the floor. The
dry ice disc was placed on the floor and given a gentle push.
It floated slowly across the floor in front of the camera.

While the disc was moving, the shutter of the camera was kept

open. The resultant time exposure shows the path taken by See Study Guide 1.1 (page 32)
the dry ice disc.

IF studerits repeat this demonslintion,
caulion them odboat the rea donger

of froeen fingers.

Stroboscopic. measurerrerts
Making friclionless pucks
Elecdlronic stroboscope
Magyelic tirmer

Close~up of
a dry ice disc

>>>

Time exposure of the disc in motion

Summarg La
What can we learn about the disc's motion by examining the ! A Time exposure Phdbﬂraf’h

e mdlion e
photographic record? Was the path a straight line? Did the Tfuﬁ( 6l orf ?ﬁa ir‘:d'ldn

disc slow down? aF‘tFle mdlion .

The question of path is easy enough to answer: as nearly

2. The farilar uats in which

. . . . we éxpress s
disc moved in a straight line. But did it slow down? From what we mus

as we can judge by placing a ruler on the photograph, the

measure o
the photograph we cannot tell. Let us improve our experi- -{.‘m.d e speed of on doject .

ment. Before we do so, however, we ought to be clear on
just how we might expect to measure speed.

Why not use something like an automobile speedometer?

We are assuming here that you al-
All of us know how to read that most popular of all meters

ready know what speed is, namely
even though we may not have a clear notion of how it works. how fast an object moves from

. . one place to another. A more
A speedometer tells us directly the speed at which the car formal way to say the same thing

is moving at any time. Very convenient. Furthermore, such 1s: Speed is the time rate of
change of position.




readings are independent of the path of our car. A given
speedometer reading specifies the same speed, whether the

car is moving uphill or down, or is traveling along a straight
road or a curved one.

But, alas, there is at least one practical trouble with
having to rely on a speedometer to measure speed: it is not
easy to put a speedometer on a disc of dry ice, or on a bui-
let, or on many other objects whose speed you may wish to
measure. However, the speedometer provides us with a good
clue. Remember how we express speedometer readings? We say
our car is moving 60 miles per hour. Translation: at the

instant the reading was taken, the car was traveling fast

enough to move a distance of 60 miles in a time interval of
| The i behind ‘Ihe Sobo- 1-0 hour, or 120 miles in 2.0 hours, or 6.0 miles in 1/10
Scope are deveiapeal in a hour—or any distance and corresponding time interval for
Sequevice of 5@195 which the ratio of distance to time is 60 miles per hour.

To find speed we measure a distance moved, measure the time

At it took to move that distance, and then divide distance by
time. .

3. We dudy nalure in the lab-

« With this reminder of how to measure speed (without a
w-aforﬂ & ollows us . .
speedometer), we can now return to the experiment with the
a,) Seled"and deal with simple dry ice disc. Our task now is to redesign the experiment so

com’abx phenom- that we can find the speed of the disc as it moves along its
ena Hal iterest ue ; straight-line path.

b) isoldle fhese neances from
many (but ot all) extermal. infor-

'FW and 1.3 A _better motion experiment. To find speed we need to be able
argﬁf everts as oFién as to measure both distance and time. So let's repeat the exper-
iment with the dry ice disc after first placing a meter stick
on the table parallel to the expected path of the disc. This

is the photograph we obtain:

==

R N RN I D TN R v i R R B N N A I A I
10 00 - 80 70 80 D0

The dreak fodes toward
e vighit. Is it possdde to

corelnde ﬁfan‘iﬁc exposxlu:e can l.)e measured. I:Iowever, we still need to rrleasure
Fldr the puck is WDUR the time required for the disc to move through a particular
uP') Ad’uall(j it s dw distance. However, even if we could measure both the distance
g %fﬁﬂg and the time we would still have too little information about

photes . "Wne\:ghf‘
12 hond swlehas rece
less (lgﬁt'm each case.

Now the total distance traveled by the disc during the
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the motion of the disc. Specifically, to find out whether

or not the disc is slowing down—and, if so, by hcw much—
we must be able to find its speed at different places. To

do this, we must somehow obtain distance and time information
for different places along the path. Knowing only the total

distance and total time is not enough.

So let's try another modification. Instead of leaving

] ) There are sewveral other low
the camera shutter open, we can open and close it rapidly. f—'r'cof('on devices - palloon Pud<
’

The result will be the multiple-exposure photograph shown ard-ice puck’ plaslic beads

below. . the air track or ar Toble.
rot a shrdght lne this time !

Although we now have a variety of distances to measure, we

still need to know the elapsed time between each exposure.

With such information we could analyze the motion in detail,

obtaining the distance-to-time ratio (speed) for various

segments of the trip. One final change in the apparatus Ls: A”a'(ﬂs“s of a hurdle yace

makes this possible. Fhft L ] .
pa: Unform mdion us
The camera shutter is again kept open and everything else acceleromelter ond “duna -
is the same as before, except that the only source of light mice carl.

in a darkered room comes from a stroboscopic lamp. This

lamp flashes very brightly at a constant rate. Since each

pulse or flash of light lasts for only about one-millionth

of a second, we get a series of separate sharp exposures

rather than a continuous, blurred one. The photograph below .
was made using such a stroboscopic lamp flashing 10 times a )

second.

L

RN N

vigr st gerrrges e praay
10 J . "1‘ '

B »

»

K
Now we're finally getting somewhere. Our experiment en-
ables us to record accurately many positions of a moving ob-
ject. The meter stick measures th~2 distance the disc moved

between successive light flashes. The time elapsed between

images is determined by the stroboscopic lamp flashes.

13
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To: Drierpreliig elrobe prectures

How much did the disc slow down? We can find out by de-
termining its speed at the two ends of its path. The front
edge of the first clear image of the disc at the left is
6.0 cm from the zero mark on the meter stick. The front
edge of the second image from the left is at the position
19.0 cm. The distance traveled during that interval of time
is the difference between those two positions, or 13.0 cm.
The corresponding time interval is 0.10 sec. Therefore, the
speed at the start must have been 13.0 cm/0.10 sec, or
130 cm/sec.

Turning now to the two images farthest to the right in the
photograph, we find that the distance traveled during 0.1 sec
was 13.0 cm. Thus, the speed at the end was 13.0 cm/0.1 sec,
or 130 cm/sec.

The disc uid not slow down at all! The disc's speed was
130 cwm/sec at the beginning of the path—and 130 cm/sec at
the end of the path. As nearly as we can tell from this
experament, the speed was constant.

That result is hard to believe. Perhaps you are thinking
that tre disc might have changed speed several times as it
moved from left to right but just Lappened to have identical
speeds over the two intervals selected for measurement. That
would be a strange coincidence but certainly not an impossible
one. You can easily check this possibility for yourself.
Since the time intervals between images are equal in all
cases, the speeds will be equal only if the distance intervals
are equal to each other. 1Is the scale distance between im-
ages always 13.0 cm?

Or perhaps you are thinking, "It was rigged!" or, if you
are less skeptical you may think it was just a rare event
and it would not happen again. Aall right then, you try it.
Most school physics laboratories have cameras, strobe lamps
(or mechanical strobes, which work just as well), and low-

friction discs of one sort or another. Repeat the experiment

‘several times at different initial speeds, and then compare

your results with ours.

You may have even a more serious reservation about the ex-
periment. If you ask, "How do you know that +he disc didn't
slow down an amount toc small to be detected by your measure-
ments?", we can only answer that we don't. All measurements
are approxima‘ions. If we had measured distances to the
hearest 0.001 cm (instead of to the nearest 0.1 cm) we might
have detected some slowing down. But'if we again found no

change in speed, you could still raise the same objection.
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There is no way out of this. We must simply admit that no
physical measurements are ever exact or infinitely precise.
Thus it 1s fair to question any set of measurements and the

findings based on them. Not only fair, but expected.

Before proceeding further in our study of motion, let us
briefly review the results of our experiment. We devised a
way to measure the successive positions of a moving dry ice
disc at known time intervals. From this we calculate first
the distance intervals and then the speed between selected
positions. We discovered that the speed did not change.
Objects that move in such a manner are said to have uniform

speed.

cern.

What about nonuniform speed? That is our next con-

Leslie's "50" and the meaning of average speed. Consider

the situation at a swimming meet. As a spectator, you want
At the

the name of the winner is announced,

to see who are the fastest swimmers in each event.
end of each race, and

his total time given. Speeds as such are usually not an-

“ nounced, but since in a given race—say the 100-yard back-

stroke—every swimmer goes the same distance, the swimmer
with the shortest time is necessarily the one having the
highest average speed. We can define average speed as fol-

lows:

distance traveled
elapsed time

average speed =

What information does a knowledge of the average speed convey?

We shall answer this question by studying a real example.

Leslie is not the fastest girl freestyle swimmer in the
world, but Olympic speed is not necessary for our purposes.
One
the

day after school, Leslie was timed over two lengths of
Cambridge High School pool. The pool is 25 yards long,
and it took her 56.1 seconds ic <wim the two lengths. Thus

her average speed over the 50 yards was

50.0 yd

S€.1 sec - 0.89 yd/sec.

Did Leslie swim with uniform speed? 1If not, which length
did she cover more quickly? What was her greatest speed? Her
least? How fast was she moving when she passed the 10, or

18, or 45~yard mark?
any of these questions, we mbist admit that average speed
does not tell us much.

Because we do not have the answer to

All we know is that Leslie swam the
50 yards in 56.1 seconds. The number 0.89 yd/sec probably
comes closer than any other one number to describing the

L9: Aalysis of a hurdle yoce - Partr

Sunmmary .4

I. A £i€9- yard
ana((jzeqigps an exaemple
of ‘real- lfe "

& The

wiform mo’(Ton and ils

ana@s:s

See the articles "Motion in
Words' and "Representation of

Movement" in Project Physics
Reader 1.

Some practice problems dealing
with constant speed are given in
Study Guide 1,2 (a,b,c and d).

Swon 5
molion.
problem of non-

kwu? g S%

be measumd

&xpemmenfal( Y-

So the speeds calculated on
page 14 are all average speeds.

This is the equivalent of 1.8
mph. Some speed, A sailfish
can do over 40 mph, and a fin-

back whale can do 20 mph., But
then man is a land animal, For
short distances he can run retter
than 20 mph. But che( tah, iave
been clocked at 70 mph and
ostriches at 50 mph.

15







whole event. Such a number is useful and there is no denying

- that it is easy to compute.

But those questions about the details of Leslie's swim
still nag us. To answer them, more data are necessary. That

is why we arranged the event as shown on the oppos‘te page.

Observers stationed at 5-yard intervals from the 0 mark
to the 25-yard mark started their stop watches when the
starting signal was given. Each observer had two watches,
one which he stopped as Leslie passed his mark going down
the pool, and the other which he stopped as she passed on

her return trip. The data are tabulated below.

Position
(yards) 0 5 10 15 20 25 30 35

Time
(seconds) 0.0 2.5 6.0 11.0 16.0 22.0 26.5 32.0

From these data we can determine Leslie's average speed for

the first 25 yards and for the last 25 yards.

distance traveled
elapsed time

’ - _25 vards
22 seconds

1) Average speed for first 25 yards

= 1.1 yds/sec.

( distance traveled
2) Average speed for last 25 yards elapsed time

25 yards
56 sec - 22 sec

- 25 yds _ 74
34 sec ~

It is clear that Leslie did not swim with uniform speed.
She swam the first length much faster (1.1 yds/sec) than the
second length (0.74 yd/sec).
speed (0.89 yd/sec) does not describe either lap very well.

Notice that the overall average

If we wish to describe Leslie's performance in more detail,
it will be advantageous to modify our data table.

Before we continue our analysis of Leslie's swim, however,
we shall introduce some shorthand notation. In this short-
hand notation the definition of average speed can be simpli-

fied from

distance traveled

average speed = elapsed time

to the concise statement

v
av

—~
i
S

ERIC ,
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yd/sec.

Details of the speed at differ-
ent parts of a race can help
athletes improve their over-all
showing.

40 45 50

39.5 47.5 56.0

The same concepts we are here
developing to discuss this
everyday type of motion will be
needed to discuss the motion of
planets, atoms, and so forth,

17




In this equation V,y 1S the symbol for average speed, d

is the symbol for distance, and t is the symbol for time.
The symbol 4 is the fourth letter in the Greek alphabet. It
is called delta. wWhen & precedes another symbol, it means
"the change in...." Thus, ad does not mean that & multiplies
d, but rather "the change in d" or "distance interval." Like-
wise, At stands for "change in t" or "time interval."

We can now proceed with our analysis. Suppose as a next
step we calculate the average speed for each S-yard interval.
This calculation is easily done; especially when our data are
organized as they are in the table below. The results of

this calculation for the first lap are entered in the right-
hand column.

Data Table for Leslie's 50-yard Swim

Distance Time ad At ad/at
(yds) (sec) (yds) (sec) (yd/sec)
0 0.0 5 2.5 2.0
3 2.5 5 3.5 1.4

10 6.0 5 5.0 1.0
15 11.0 5 5.0 1.0
20 16.0 5 .8
25 22.0 5 4.5
30 26.5 5 5.5
35 32.0 5
40 39.5 5
45 47.5 5

50 56.1

(The second-lap computations are left to you.)

Looking at the speed column, we discover that Leslie had
her greatest speed right at the beginning. buring the middle
part of the first length she swam at a fairly steady rate,
and she slowed down coming into the turn. You can use your
own figures to see what happens after the turn.

Now we have described Leslie's 50-yard swim in greater
detail than when we gave a single, average speed for both
lengths. But one point must be clear: although we have de-
termined the speeds at various intervals along the path, we
are still dealing with average speeds. The intervals are
smaller—the time required to swim 5 yards rather than the
entire 50—but we do not know the details of what happened
within any of the intervals. Thus, Leslie's average s3peed

between the 15 and 20-yard marks was 1.0 yd/sec, but her




1.5 Graphing motion.

speed at the very instant she was 18 yards from the start is

still uncertain. Even so, the average speed computed over
the 15 to 20-yard interval is probably a better estimate of
her speed at the 18-yard mark than the average speed computed
We shall
come back to this problem of the determination of speed at a

particular point in Sec. 1.7.

over the whole 50 yards, or over either length.

What can we learn about motion by graphing
Let us find out by

data rather than just tabulating them?
preparing a distance-versus-time graph using the data from
Leslie's 50-yard swim. It is shown below. (We assumed there
were no abrupt changes in her motion and so joined the data

points with a smooth curve.)

Now let us “"read" the graph. 1If you will accept the idea

that the steepness of the graph in any region indicates some-
have

the

thing about the speed (the steeper the faster) you will
no trouble seeing how Leslie's speed changed throughout
trial. It will be proven to you a little later that the
speed can be calculated by measuring the steepness of the

graph. Notice that the graph is steepest at the start and

Distance (yds)
N w
w o
i e s
I

N
o
-

,_

i

v
|

|

15 20 30 35 40 45 50

Time (sec)

25

Practice problems on average
speed can be found in Study
Guide 1.2 (e, £, g and h).
Study Guide 1.3, 1.4, 1.5 and
1.6 offer somewhat more chal-
lenging problems. Some sugges- "
tions for average speeds to
measure are listed in Study
Guide 1.7 and 1.8. AQuestions
about the speedometer as a
measure of speed are raised in
Study Guide 1.9 and 1.10.

Ti: Siroboscopic measuremerils
T2: CGraphs of vavious motiors
L8,LAq: Analyss of  hurdle
vace powts T and TC )
Pi: Keview of grophs
E4: Unform molion

Summary | 5 _
L The artoe <time

groph for objecis

moving wiliy uniform

speed”is a siraight

lirne.

[ —

A The slope o a

slraight live is given

by 1&& vatio Ay,
o

3. The slope of a
lne in a distance -
. time graph is a

+ meosure of speed,

| 4. The speed-time
| of an object

with  uniform
opit

moving
‘ . Speed” s a g
 hovizental line.

55 60
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The Scale for fﬁg Solar
Sequence s Provided

%Wm of the

Multiply your measurements on
these photographs by 8 to get
actual plant sizes.

These photographs show a stormy outburst at the edge of the sun, a
river of ice, and a developing sunflower plant, From these pictures
and the included time intervals you can determine the average speeds
(1) of the solar flare with respect to the sun's surface (radius of
sun is about 432,000 mi.), (2) of the glacier with respect to the
"river's bank," and (3) of the sunflower plant with respect to the
flower pot,

decreases slightly up to the 10-yard mark. From 10 yards to -
20 yards the graph appears to be a straight line becoming

neither more nor less steep. This means that her speed in
this stretch neither increased nor decreased but was uniform.
Reading the graph further, we see that she slowed down some-
what before she reached the 25-yard mark but gained some
speed at the turn. The steepness decreases gradually from
the 30-yard mark to the finish indicating that Leslie was
slowing down. (She could barely drag herself out of the pool
after the trial.)

Looked at in this way, a graph provides us with a picture
or visual representation of motion. But our interpretation
of it was merely qualitative. If we want to know just how
fast or slow Leslie was swimming at various times, we need
a quantitative method of expressing the steepness. The way
to indicate the steepness of a graph quantitatively is by
means of the "slope."

Slope Is a widely used mathematical concept, and can be
used to indicate the steepness in any graph. If, in accor-
danc? with custom, we call the vertical axis cf any graph
the y-axis and the horizontal axis the X-axis, then by def-
inition,

= Ay
slope X
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In a distance-time graph, distance is usually plotted on the
vertical axis (d replaces y) and time on the horizontal axis
(t replaces x). Therefore, in such a graph,

_ 4d
slope = X
But this is just the definition of average speed. 1In other
words, the slope of any part of a graph of distance versus
time gives a measure of the average speed of the object

during that interval.

There is really nothing mysterious about slope or its
measurement. Highway engineers specify the steepness of a
road by the slope. They simply measure the rise in the road
and divide that rise by the horizontal distance one must go
in order to achieve that rise. If you have never encountered
the mathematical concept of slope before, or if you wish to
review it, you might find it helpful to turn to Study Guide

1.11 before continuing here.
We can now ask, "What was Leslie's speed at the 14 or

47-yard marks, or at 35 seconds after the start"? In fact,
by determiniag the slope, Leslie's speed can be estimated
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Determine Leslie's speed at
these times using the graph,

'Iﬁedd&usedhmmtbm
from fﬁe‘hblempagels,

at any position or time by taking the slope of a smill region
on the distance-time graph of her motion that includes the
particular instant or spot of interest. The answers to the

above question are worked out on the graph below.

4d = 2.5yds
At = 43ec

Ad = 2.8yds

[RSPOT

35 40 45 50 55 60

WVl ows e
Y-
o
Y-t
wv
N
o
N
wv
(o8
o
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The plausibility of the results can be checked by compar-
ing them with Leslie's average speeds near those regions.
For example, her average speed during the last 10 yards (from
d = 40 to 4 = 50) was

10 yards
56.1 sec - 39.5 sec

.60 yards/sec.

Similarly from the graph we determined that Leslie's speed
was .62 yards/sec at the 47-yard mark.

4
Q1rind the speeds at different points for a moving T 5
object from the following distance-time graph: S
Q2 yhat was the average speed for the a
first 6 seconds? 0 2 3 4
Time (sec)

(The end-of-section questions are to help you check
y-ur understanding of the section. If your answers
don't agree reasonably well with those given on
pp. 127-128, you should -ead the section again.)
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1.6 Time out for a warning. Graphs are useful-—but they can also

be misleading. You must always be aware of the limitations

( of any graph you use. The only certain pieces of informa-
tion in a graph are the data points, and even they are cer-
tain only to within the accuracy limits of the measurements.
Furthermore, we often lessen the accuracy when we place the
points on a graph.

The line drawn through the points depends on personal
judgment and interpretation. The process of estimating

values between data points is called interpolation. That is

essentially what you are doing when you draw a line between
data points. Even more risky than interpolation is extrapo-
lation, where the graph line is extended to estimate values

beyond the known data.

An example of a high-altitude balloon experiment carried
out in Lexington, Massachusetts, will nicely illustrate the
danger of extrapolation. A cluster of gas-filled balloons
carried some cosmic ray detectors high above the earth's
surface, and from time to time a measurement was made of
the height of the cluster. The adjoining graph shows the
results for the first hour and a half. As the straight line
drawn through the points suggests, the assumption is that
the balloons are rising with uniform speed. Thus the speed

can be calculated from the slope:

Ah
At

speed of ascent

_ 27,000 ft
" 30 min

900 ft/min.

1f you were asked how high the balloons would be at the end
of the experiment (500 min), you might extrapolate, obtain-
ing the result 500 min x 900 ft/min = 450,000 ft, which is

over 90 miles high! Would you be right? Turn to Study Guide

1.13 to see for yourself.

Turn back to p. 13 and in the
margin draw a distance-time
graph for the motion of the
dry ice disc.

90

80

70

60

50

40

30

Altitude (thousands of feet)

20

10

100
Time (min)

Q3 what is the difference between extrapola-
tion and interpolation?

1.7 Instantaneous speed. Now back to Leslie. In Sec. 1.5 we

saw that distance-time graphs could be extremely helpful in
describing motion. When we reached the end of the section,

/ we were speaking of specific speeds at particular points
along the path (e.g., "the l4-yard mark") and at particular
instants of time (e.g., "the 35-second instant"). You might
have been bothered by this, for earlier we had gone out of

2 IF a dsf’ance-‘t‘me oyoph 1s made of e mdlion of an obyedt,

pom't will be given by fthe slope The fan

. El{l 3. Awmgz ' Vay = Bslot. T ‘aneous Speed as At
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TIhsle us spee
deﬂned as the avemge
speed foken over & lime
inerval so small That the
wilue of As/At does not
change as At is made
still smaller.

tie value of te insivioneod’
it 1o #e curve ot tha poril.
es zero: v= As[At.
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See LIFE magozne for Dec.23, 1966, The
evlive 1seue s devded fto photography.

1 Paris street scene, 1839

Photography 1839 to the Present

Photography has an important role
in our analysis of motion These
pages illustrate some or the sig-
nificant advances in technique
over the last century.

3 Boys on skateboards

2 American street scene, 1859

Note the lone figure in the otherwise empty street. He was

getting his shoes shined. The other pedestrians did not

remain in one place long enough to have their images recorded.
With exposure times several minutes long the outlook for the

possibility of portraiture was gloomy,

However, by 1859, due to improvements in photographic emul-
sions, illumination and lenses, it was not only possible to
photograph a person at rest, but one could capture a bustling
crowd of people, horses and carriages. Note the slight blur

of the jaywalker's legs.

Today, even with an ordinary camera one can Ystop" action.

A new mediumr—the motion picture. In 1873 a groun of Cali-
fornia sportsmen called in the photographer Eadweard Muybridge
to settle the question, '"Does a trottire horse ever have all

four feet off the ground at once?" Five years later he

answered the question with these photos. The six pictures
were taken with six cameras lined up along the track, each
camera being triggered when the horse broke a string which
tripped the shutter. The motion of the horse can be recon-

stituted by making a flip pad of the pictures.

With the perfection of flexible film, only one camera was

needed to take many pictures in rapid succession. By 1895,

there were motion picture parlors throughout the "nited

States. Twenty-four frames each second were sufficient to

give the viewer the illusion of motion.
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4 Muybridge horse series, 1878
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6 Stroboscopic photo of golfer's swing, Harold Edgerton
(See the article "The Dynamics of a Golf Club" in
Project Physics Rzader 1.)

5 Bullet cutting jack of hearts,
Harold Edgerton

5 It took another ninety years after the time the crowded
street was photographed before a bullet in flight could be
"stopped." This remarkable picture was made by Professor
Harold Edgerton of MIT, using a brilliant electric spark

{ which lasted for about one millionth of a second.

6 A light can be flashed successfully at a controlled rate and
a multiple exposure (similar to the strobe photos in the
book) can be made. In this photo of the golfer, the light
flashed 100 times each second.

7 One does not need to have a flashing light to take multiple
exposures. You can take them accidentally by forgetting to
advance your film after each shot or you can do it purposely
by snapping the camera shutter rapidly in succession.

8 An interesting offshoot of motion pictures is the high-speed
motion picture. In the frames of the milk drop shown below,
1,000 pictures were taken each second. The film was whipped
past the open camera shutter while the milk was illuminated
with a flashing light {similar to the one used in photograph-
ing the golfer) synchronized with the film. When the film
is projected at 24 frames each second, action which took 7 Girl rising
place in 1 second is spread out over 42 seconds.

It is clear that the eye alone could not have seen the
elegant details of this somewhat mundane event.

8 Action shown in high speed film of milk drop. Harold Edgerton
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our way to assert that the only kind of speed we can measure
is average speed. To find average speed we need a ratio of
distance and time intervals; a particular point along the
path does not define an interval. Nevertheless, there are

grounds for stating the speed at a point. We will see what

they are.

You remember that our answer to the question, "How fast
was Leslie swimming at time t = 35 sec?" was "0.70 yd/sec."
That answer was obtained by finding the slope of a small
portion of the curve encompassing the point t = 35 sec.

That section of the curve has been reproduced 1in the margin
here. Notice that the part of the curve we used is seeming-
ly a straight line. Thus, as the table under the graph.
shows, the value of the slope does not change as we decrease
the time interval At. Now imagine that we closed in on the
point where t = 35 sec until the amount of curve remaining
became vanishingly small. Could we not safely assume that
the slope of that infinitesimal part of the curve would be
the same as that on the straight line of which it seems to
be a part? We think so. That is why we took the slope of
the straight line lying along the graph from t = 33.0 sec

to t = 37.0 and called it the speed at t = 35.0 sec.

We hope you noticed that in estimating a value for Les-
lie's instantaneous speed at a particular time, we actually
measured the average speed over a 4.0-sec interval. Con-

ceptually, we have made a leap here. We have decided that

the instantanqous speed at a particular time can be equated
to an average speed A4d/at provided: 1) that the particular
time is encompassed by the time interval, at, used to com-
pute ad/at and 2) that the ratio 4d/At does not change ap-
preciably as we compute it over smaller and smaller time

intervals.

A concrete example will help here. In the oldest known
study of its kind, the Fiench scientist de Montbeillard
periodically recorded the height of his son during the period
1759-1777. A graph of height versus age is shown on the
next page.

From the graph we can compute the boy's average growth rate
ver the entire 18-year interval or over any other time
interval. Suppose, however, we wanted to know how fast the
boy was growing on his fifteenth birthday. The answer




190
becomes evident if we enlarge the

graph in the vicinity of the
fifteenth year. His height at 170
age 15 is indicated as point P,

and the other letters designate

time intervals on either side of 150
P. The boy's average growth rate
over a two-year interval is given ¢ ;3
by the slope AB. Over a one-year f
interval this average growth rate E
is given in the slope DC. The £ 110
slope of EF gives the average
growth rate over six months,etc.
The three lines are not gquite %
parallel to each other and so
their slopes will be different. 70
In the enlarged sections below,
lines have been drawn joining
the end points of time intervals 50
of 4 mo, 2 mo and 1 mo around 0 2 4 6 8 10 12 14 16 18
age (yrs)
the point t = 15 years.
Notice that for intervals less than t = 1 yr, the lines 190
appear to be parallel to each other and gradually to merge
into the curve, becoming nearly indistinguishable from it. —~
You can approximate the tangent to this curve by placing a §
ruler along the line GH and extending it on both sides. &
oL
$170
The values of the slopes have been computed for the
several time intervals and are tabulated below.

At ad v
8 yr 49.0 cm 6.1 cm/yr
2 yr 19.0 cm 9.5 cm/yr
1 yr 8.0 cm 8.0 cm/yr
6 mo 3.5 cm 7.0 cm/yr
4 mo 2.0 cm .0 cm/yr
2 mo 1.0 cm 6.0 cm/yr

We note that the values of Vv calculated for shorter and
shorter time intervals approach closer and closer to
In fact, for any time interval less than

will be 6.0 cm/yr within the

6.0 cm/yr.
2 months, the average speed Vav
limits of accuracy of the measurement of d and t. Thus, we
can say that on young de Montbeillard's fifteenth birthday,

he was growing at a rate of 6.0 cm/yr.

14 15 16 17 18
age (yrs)

The graph above is an enlarge-
ment of the corner of the graph
at the top. The graph below
is a further enlargement of the
middle of the enlargement.

180

height (cm)

170 st
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"m& idea of V = ,&nut { _é_d.> Average speed, we have said, is the ratio of distance
at->o\at
reed ndtl be elaboraled
wathemalically but should be

traveled to elapsed time, or, in symbols,

ad
X o v, = —
‘?uvm some mpreical support. av = It
Wo_good examples are descrioed
in Demoniélvation 3. We now define instantaneous speed at a point in time as the

limiting value approached by the average speeds in time-
intervals including that point, as 4t is made smaller and
smaller. In almost all physical situations such a limiting

.value can be accurately estimated by the method described
on the previous page. From now on we will use the letter
v, without any subscript, to mean the instantaneous speed
defined in this way. (For further discussion, see the
article "Speed" in Project Physics Reader 1.)

Why this definition of instantaneous speed? We can, of
conrse, define it any way we please, whether the definition
is a wise one is a matter of how useful it turns out to be
in analyzing motion. 1In chapter 3 we will find that change
of instantaneous speed, defined in this way, is related in a
beautifully simple way to force.

You may be wondering why we have used the letter "y" in-
stead of "s" for speed. The word "velocity" is often used
to mean the same thing as speed. 1In physics it is useful to
reserve "velocity" for the concept of speed in a specified
direction, and denote it by the symbol V. when the direc-
tion is not specified, we remove the arrow and just use the
letter v, calling it speed. This distinction between v and
V will be discussed in more detail in Section 3.2.

Q4 Explain the difference between average

Q5 The baseball shown in the figure below
speed and instantaneous speed.

is presented here for your analysis.
You might tabulate your measurements
and construct a distance-time graph.
From the distance-time graph, you can
determine the instantaneous speed at
several times and construct a speed-
time graph. The time interval between
successive flashes is 0.5 sec. vyou
can check your results by referring to

the answer page at the back of this
unit.
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1.8 Acceleration—by comparison® The baseball in the problem

above was changing speed—accelerating. You could tell tha%

( its speed was changing without having to take measurements 4. For M,{_"om acc&(zr‘drwh)

and plot graphs. But how would you describe how fast the a = Av/At,

ball was changing speed?

3. Average accelerdfion and
To answer this gquestion you have really only one new thing hsrantaneoug acceleration
to learn—the definition of acceleration. Actually, the defi- can be def‘med ]
nition is simple, so the problem is not so much for you to enlivel aﬂa(ogous fo the

learn it as it is to learn how to use it in situations like dﬁf(m‘ ons oF a\/oraqe speé‘o(
— and nstantaneous Speed.

the one above. For the time being we will define the time-

rate of change of speed as acceleration. Later, this defini-

tion will have to be modified somewhat when we encounter

motion in which change in direction®becomes an important

factor. But for now, as long as we are dealing only with

® e developmert of accelerdion
of speed with acceleration. Zw sz;ﬁef‘eMa

Many of the effects of acceleration are well known to us. review 0( the C"“QPTW
It is acceleration, not speed, that we feel when an elevator

straight line motion, we can equate the time-rate of change

starts up or slows down. The sudder flutter in our stomachs
comes only during the speeding up and slowing down portions

of the trip, and not during most of the ride when the ele-

vator is moving at a steady speed. Likewise, much of the

( excitement of the roller coaster and other rides at amuse- ’Empl'ns{ze ot direction is
ment parks is directly related to their unexpected accelera- wnpor‘ﬁnt bt is ndt corn-
tions. How do you know it is really not speed that causes sidered yet in order 1o

these sensations? Simply stated, you always detect speed by

simplify the developmeril
of -tPl?‘te”(dzaes’ . wr

reference to objects outside yourself. You can only tell

you are moving at a high speed in an automobile by watching

the scenery as it whizzes past you, or by listening to the

sounds of air rushingagainst the car or the whine of the

tires on the pavement. In contrast, you "“feel" accelerations

and do not need to look out your car window to realize the

driver has stepped on the accelerator or slammed on the

Da: Uniform accelernilion using

brakes. (1quid acceleromeler
Now let us compare acceleration and speed: Tl © Slyobosceoic rmeasurements
T2 :  Grophs of varous mdions
The rate of change of The rate of change of Fil: Srmghf line: kinemalics
position is speed. speed is acceleration.®

a a a a - . . . . .
This similarity of form will enable us to use our previous —[FHS stie it is mwmp(efe,
work on the concept of speed as a guide for making use of but cerrect n this coilext.
the concept of acceleration. The techniques which you have

already learned for analyzing motion in terms of speed can

be used to study motion in terms of acceleration. For

example you have learned that the slope of a distance-time

graph at a point is the instantaneous speed. What would the

slope (i.e., 4v/st) of a speed-time graph indicate?

Q
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Accelerdtion s, of couree, e
.-r--T;

;oé’e OF chau w_‘c ;Fv-%dw—mo#n in statements about motion along a straight line. The list has

the ve limited context of—‘rec't'c- two purposes: 1) to help you review some of the main ideas ‘

The remainder of this section is made up of a list of

inear mdtion . Tin the next about speed presented in this chapter, and 2) to present
chagler this simplified idea 1§ the corresponding ideas about acceleration so you may take
extended 1o vecors. advantage of your knowledge of speed. For this reason,

each statement about speed 1s immediately followed by a

parallel statement about acceleration.

For example, if speed changes 1. Speed is the rate of change of position. Acceleration

from 4 m/sec to 5 m/sec during is tne rate of change of speed.’

an interval of 1 second, average

acceleration is 1 (m/sec)/sec, 2. Speed is expressed in the units distance/time. Accel- .
This is usually written more . . . . s . ’
briefly as 1 m/sec2. eration is expressed in the units speed/time.

3. Average speed over any interval is the ratio of the
corresponding distance and time intervals:

v =E
av At *
An airplane changes its speed Average acceleration over any interval is the ratio of the

from 350 mi/br to 470 mi/br in
6.0 min. Its average accelera-
tion is 20 (mi/hr)/min—whether

corresponding speed and time intervals:

: X . Lv
or not the acceleration is uni- a = ==
av 134 ‘
form.
4. Instantaneous speed is the value approached by the o

average speed as At is made smaller and smaller. Instanta-

neous acceleration is the value approached by the average

acceleration as 4t is made smaller and smaller.

5. If a distance-time graph is made of t - motion of an
object, the instantaneous speed at any position will be given

~f

) by the slope of the tangent to the curve at the point of

a g p

AQL interest. If a speed-time graph is made of the motion of an
;'zf% object, the instantaneous acceleration at any position will

be given by the slope of the tangent to the curve at the
| point of interest.

In this listing of statements about speed and acceleration,
Ay ' the concepts of average and instantaneous acceleration have
been included for the sake of completeness. However, it

X / will be helpful to remember that when the acceleration is

‘
+f

uniform, it can be found by using the relationship
Nt
Aé a = A_Y_ ‘c’.
At '
= 4Av '
At for any interval whatever. That is, instantaneous and aver-

age acceleration have the same numerical value for constant
acceleration—which will be the most usual case of motion we

shall encounter. . . J
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Until the work of Galileo in the seventeenth century,
acceleration proved to be a particularly difficult concept.
In the next chapter, we will examine Galileo's contribution
to our understanding of the nature of accelerated motion.
His work provides a good example of how scientific theory
and actual measurements are combined to develop physical

concepts.

Q6 what is the average acceleration of a Q7what is your average acceleration if you
sports car which goes from 0 to 60 mph change your speed from 4 miles per hour
in 5 seconds? to 2 miles per hour in an interval of

15 minutes?

Déscuss briefly the Boccioni on page 8 in conterd
with Chapter 1. Boccioni in e medium and ¥e
scientist Wit his equilions and graphs ave both

/ paﬂ?‘agiwﬁ yrolion .
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Study Guide

11 This book is probably different in 5. The Project Physics course includes
many ways from textbooks you have had many other materials in addition to this
in other courses. Therefore we feel it book, such as film loops, programmed in-
might help to make a few suggestions struction booklets, and transparencies.
concerning how to use it. Be sure to familiarize yourself with the

Student Handbook, which describes further
outside activities as well as laboratory
experiments, and the Reader, which con-
tains interesting articles related to
physics.

1. Unless you are told otherwise by
your teacher you should feel free to
Wwrite in the book. Indeed we encourage
you to do so. You will note that there
are wide margins. One of the purposes
of leaving that much space is to enable
you to write down questions or state-
ments as they occur to you as you are
studying the material. ~Mark passages
that you do not understand so that you
can seek help from your teacher. You
also notice that from time to time tables
are left incomplete or problems appear
in the text or margin. Complete such
tables and write your answers to problems
right in the text at the point where they
are raised.

1.2 Some practice problems:

2. You will find answers to all of
the end-of-section review questions on
page 127, and brief answers to some of
the Study Guide Questions on page 129.
Always try to do the problems yourself
first and then check your answers. If
your answer dgrees with the one in the
book, then it is a good sign that you
understand the material (although it is
true, of course, that you can sometimes
get the right answer for the wrong
reason).
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3. There are many different kinds of
items in the Study Guide at the end of
each chapter. 1It is not intended that
you should do everything there. Some-
times we put into the Study Guide
material which we think will interest
some students but not enough students
to merit putting into the main part of
the text. Notice also that there are
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several kinds of problems. Some are jiopead an g ;fa“gga}
intended to give practice and help the 3 gé %

student in learning a particular concept
whereas others are designed to help you
bring together several related concepts.
Still other problems are intended to
challenge those students who like numeri-
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_ . . i EsE i e
5 4. Activities and experiments which %@ﬁ;ﬁﬁ%ggigﬁﬁfq? gl 5ﬁ§§§r SR
you can carry out at.home or outside the Zhve égéfwﬁﬂ” },” 3 ‘”*é&%%gﬁg'f';ﬁﬁﬁﬁgﬁﬁﬁg
laboratory are described. We do not A m7secicons ﬁé’@&é}%%;g, *‘iﬂé@!‘gﬂﬁi‘{
suppose that you want to do all of these s ﬁ%@”&é@%ﬁ%&%@%%ggﬁ%ﬁﬁﬁgkgi' R
but we do want you to take them serious- LSt intery, 1%??{ f’jgﬁ*—‘: ?4;2"’;5,;’3}2 %Ef‘%ﬁf.gfg 5
ly. If you do you will find that you Gﬁzﬁ%§§%§%§§gﬁ;ﬁ§§%§§%%§§§flégﬁiiﬁ i
are able to do quite a bit of science NS o S G B R e R T LTk e e e
without having to have an elaborate
laboratory.
1.3 If you traveled one mils at a speed

of 1000 miles per hour and another rile
at a speed of 1 mile per hour your aver-
age speed would not be 1000 + 1 mph

, or 500.5 mph. 2
What would be your average speed?

V= 1.998 mifhy
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14 A tsunami (incorrectly called "tidal
wave") caused by an earthquake occurring
near Alaska in 1946 consisted of several

( sea waves which traveled at the average
speed of 490 miles/hour. The first of
the waves reached Hawaii four hours and
34 minutes after the earthquake occurred.
From these data, calculate how far the

origin of the tsun%Fi was from Hawaii.
= 2.2 % 0% i

1.5 Light and radio waves travel through
a vacuum in a straight line at a speed
of nerrly 3 x 10® m/sec. The nearest
star, Alpha Centauri, is 4.06 «x 1016
distant from us. If this star possesses
planets on which highly intelligent
beings live, how soon could we expect to
receive a reply after sending them a
radio or light signal strong enough to
be received there? t-g.s yr

1.6 What is your average speed in the
following cases:

a) You run 100 m at a speed of 5.0
m/sec and then you walk 100 m
at a speed of 1.0 m/sec. V=17 m/sec
b) You run for 100 sec at a speed
of 5.0 m/sec and then you walk
for 100 sec at a speed of 1.0
m/sec? V= 3.0 m/sec

1.7 Design some experiments which will
enable you to make estimates of the
average speeds for some of the following
:bjects in motion.

a) Baseball heaved from outfield to
home plate

b) The wind

c) A cloud

d) A raindrop (do all drops have
different speeds?)

e) Hand moving back and forth as
fast as possible

f) The tip of a baseball bat

g) Walking on level ground, up
stai~s, down stairs

h) A bird flying

i) An ant walking

j) A camera shutter opening and

clesing  Discussion

1.8 What problems arise when you attempt
to measure the speed of light? Can you
design an experiment to measure the

speed of light? Discuasion

1.9 Sometime when you are a passenger in
an automobile compare the speed as read
from the speedometer to the spe ~ calcu-
lated from 4s/4t. Explain any o ffer-

ences. Digeussion

1.10 An automobile speedometer is a small
current generator driven by a flexible
( cable run off the drive shaft. The cur-
rent produced increases with the rate at
which the generator is turned by the

Q
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Study Guide

rear axle. The speedometer needle indi-
cates the current. Until the speedometer
is calibrated it can only indicate
changes in speed, but not actual speeds
in miles per hour. How would you cali-
brate the speedometer in your car if the
company had forgotten to do the job? If
you replaced your 24" diameter rear wheels
with 28" diameter wheels, what would your
actual speed be if your speedometer read
50 mph? Would your speedometer read toc
high or too low if you loaded down the
rear end of your car and had the tire
pressure too low? What effect does the
speedometer have on the speed of the car?
Can you invent a speedometer that has no
effect on the motion of the car? Discussion

Take a look at the graph of y versus
x shown below:

7r

6

Notice that in this graph the steepness
increases as x increases. One way to
indicate the steepness of the graph at

a point is by means of the "slope." The
numerical value of the slope at a point
P is obtained by the following procedure,
which is diagramed above. Move a short
distance along the graph from point A to
point B, which are on the curve and lie
on either side of point P. Measure the
change in y, {(4y) in going from A to B.
In this example 8y = .6. Measure the
corresponding change in x, (4x) in going
from A to B. 4x here is .3. The slope
is defined as the ratio of Ay to &x.

Slope = Ly .
In the example

slope ¥ - L% = 2.




Study Guide

Naw there are three important ques-
tions concerned with slopes that we must
answer.

Q. What are the dimensions or units
for the slope?

A. The dimensions are just those of
y/X. For example, if Y represents a
distance in meters and x represents a
time in seconds then the units for slope
will be meters/seconds or meters per
second.

Q. In practice how close do A and B
have to be to point P? (Close is not a
very precise adjective. New York is
close to Philadelphia if you are travel-
ing by jet. If you are walking it is
not close.)

A. Choose A and B near enough +o
point P so that the line connect: A
and B lies along the curve at poin. P.
For example:

7

6

1 2 3 4 5 6

b3
Q. Suppose A and B are so close to-
gether that you cannot read Ax or Ay
from your graph. What does one do to
calculate the slope?

il

6 F

5

B
2 ox
1 2 3 4 5 6
X
A. Extend line AB as it is shown in
the figure and compute its slope. Notice
that the small triangle is similar to
the large triangle and that AY _ Ay
AX T Ax
Determine the slopes of this graph of
distance versus time at t = 1, 2, 3 and
34 4 seconds. 0.5,1.0,1.5,2.0
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112 The electron beam in a TV set sweeps

out a complete picture in 1/30th of a
second and each picture is composed of
525 lines. If the width of the screen
is 20 inches, what is the speed of that
beam over the surface of _the screen?
v= 315,000 n [sec

1.13 (Answer to question in text, page 23.)
Indeed the prediction based upon the first
1% hour was vastly wrong. Such a predic-
tion, based on a drastic extrapolation from
the first 1% hour's observation, neglects
all the factors which limit the -maximum
height obtainable by such a cluster of
balloons, such as the bursting of some of
the balloons, the change in air pressure
and density with height, etec. 1In fact,
at the end of 500 minutes, the cluster was
not 450,000 feet high, but had come down
again, as the distance-time graph for the
entire experiment shows. For another
extrapolation problem, see Study Guide
1.14.
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The altitude of a cosmic ray detector
carried aloft by a cluster of balloons.

1.14 World's 400-meter swimming records
for men and women. Ages are in paren-
theses:

1926 4:57. Weissmuller (18)
5:53. Gertrude Ederle (17)

1936 4:46. Syozo Makino (17)
5:28. Helene Madison (18)

1946 4:46. Makino (17)
5:00. Hveger (18)

1956 4:33. Hironoshin
Furuhashi (23)

Crapp (18)

Frank Weigand (23)
Martha Randall (18)

4:47.2

1966 4:11.1
4:38.0

By about how many meters would Martha
Randall have beaten Johnny Weissmuller
if they had raced each other? could
you predict the 1976 world's record for
the 400-meter race by extrapolating the
graph of world records vs. dates up to
the year 1976? d= Q5. 6
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Detailed analysis of a stroboscopic 118

photograph of a rolling ball yielded
information which was plotted on the
graph above. By placing your ruler
tangent to the curve at appropriate
points estimate the following:

a) At what moment or interval was
the speed greatest? What was the
value of the speed at that time?—from
b) At what moment or interval was the 11
speed least? What was it at that 4.5
time? from é to 10 sec Sec
c) What was the speed at time 5.0
sec? V° 74 m[Sac
d) What was the speed at time 0.5
sec? = 0.79 m?sec
e) How far did the ball move from
time 7.0 sec to 9.5 sec?d= O 4dm
Suppose you must measure the instanta-
neous speed of a bullet as it leaves the
barrel of a rifle. Explain how you
would do this. Discussion. 119

The numbers on each photograph indicate the number of inches measured

from the line marked "0"

Study Guide

10 miles

Car A and car B leave point 1 simul-
taneously and both travel at the same
speed. Car A moves from 1 to 2 to 3
while car B moves from 1 to 3 directly.
If B arrives at point 3 six minutes
before A arrives, what was the speed of
either car? vz 40 mi/hr

The data below show the instantaneous
speed in a test run of a Corvette car,
starting from rest. Plot the speed-
versus-time graph, and derive and plot
the acceleration-time graph.

a) What is the speed at t = 2.5
sec?

b) What is the maximum acceleration?

Time (sec) Speed (m/sec)

WO WNDHO

Discussion

CO0OO0OO0O0OO0OO0OO0O0OO0OO0O
WHWUOMWHEUMWUVMAHWO

10. 34.

Discuss the motion of the cat in the
following photographs. Discussion
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Chapter 2 Free Fall-Galilec Describes Motion

Summaru 2 !
l. Medwval physical Science was based
on the wrilings” of Aristetie.

2 In the Arisiotelian scheme, tiere wos
0. sharp dividing line befiveer Tie ob

on earth and frose jn The gky: ear (ﬂ
objects rmoved only to vetwn B their
natural places”; cdestial objects, on the
otrer lhord , moved n endiess cicles.

3. Avstties theory of molion survived
for centires in gpd’e of ceraun Known
weakresses because it was part of a
larger accepted conceptual scheme,
because it was consisterit vtk common-
Sense (deas , because vo sliong alfer-
ndlive fheories were available ,and
because the rmolhiematical arnd quariti-
talive wethods which were to prove g
sigificant had not yet been sufficiantly
d?v&(ow,ol.

Portrait of Galileo in crayon
by Ottavio Leoni, a contempo-
rary of Galileo.

36
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Because only o bivited context cam be provded here , there
is a danger “lthat Slidenls will be led b ridicule Avistoties
prysics. Toke cove b pownt out that It wos part of a opond ard brallant philo-

2.1 The Aristotelian theory of motion. In this chapter we shall sophicol Sgol’cm , At dhce

consistant (nlh o comnuon
Sense view and philo-
sopl'uco-(hj impressie enough
of free fall is fascinating in i1tself, our emphasis will be o am te W of

on Galileo as one of the first modern scientists. Thus &cholos  forv almost (lso
Galileo's view of the world, his way of thinking, his use of [wusamd yeows. The
Gresk vieds s dealt uhth
more- e»dé&unbiﬁj at he
be%jrnwaa of Unit S.

take a look at an important piece of research: Galileo's
study of freely falling bodies. While the physical problem

mathematics and his reliance upon experimental tests are as

important to us as the actual results of his investigation.

To understand the nature of Galileo's work and to ap-

Feamum Mobite

preciate its significance, we must first examine the dif- gere & e S

ferences between Galileo's new science of physics and the et e,
medieval system of physical thought that it eventually re-
placed. By comparing the new with the old, we can see how

Galileo helped change our way of thinking about the world.

In medieval physical science, as Galileo learned it at
the University of Pisa, there was a sharp distinction be-
tween the objects on the earth and those in the sky. All
terrestrial matter, the matter within our physical reach,
was believed to be a mixture of four "elements"-—Earth, Water,

Air and Fire. Each of these four elements was thought to Diagram of medieval concept of
the world structure.

have a natural place in the terrestrial region. The highest
place was allotted to Fire. Beneath Fire was Air, then
Water and, finally, in the lowest position, Earth. Each

was thought to seek its own place. Thus, Fire would tend to
A good deal of commonsense ex=-

rise through Air, and Air through Water, whereas Earth would perience supports this view.
tend to fall through both Air and Water. The actual move- For example, Water bubbles up
. . . through Earth at springs. When
ment of any real object depended on the particular mixture sufficient Fire ig added to
of these four elements making it up and where it was in re- ordinary Water, by beating it,
. . the resulting mixture of ele-
lation to its natural place. ments (what we call steam)
. . rises through the air. Can you
The medieval thinkers also believed that the stars, think of other examples?

planets and other celestial bodies moved in a far simplex

DS Comparative foll roles of
(ight and heavy obyects

celestial bodies were believed to contain none of the four A When is air V‘OS'CSbnce

manner than those objects on, or near, the earth. The

ordinary elements, but instead consisted solely of a fifth irnFtn4bunf“?
element, the quintessence. The natural motion of objects From guinta essentia meaning
- . o J fifth essence. 1In earlier
composed of this element was neither rising nor falling, but Greek writings the temm for it
was ether,

endless revolution in circles around the center of the uni-
verse. The center of the universe was considered to be
identical with the center of the Earth. Heavenly bodies, ¢ ~4 R o
although moving, were thus at all times in their natural ig" a . Fal‘ 9 I 9 @

e earth s in rotual
places. They were thus set apart from terrestrial objects.,moler: bOecause WKe vock is
which displayed natural motion only as they returned to mow'ng toward & paliuvol -

their natural places from which they were displaced.. pwe'

This theory, so widely held in Galileo's time, originated

in the fourth century B.C.; we find it mainly in the writings

37
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of the Greek philosopher Aristotle. A physical science of
order, rank and place, it fits well many facts of everyday
observation. Moreover, these conceptions of matter and mo-
tion were part of an all-embracing scheme or "cosmology" by
which Aristotle sought to relate ideas which are nowadays
discussed separately under the headings of science, poetry,

politics, ethics and theology.

Aristotle was born in 384 B.C. in Stageira, a city ain the
Greek province of Macedonia. His father was the physician
to Amyntas II, the king of Macedonia, and so Aristotle's
early childhood was spent in an environment of court life.
At the age of 17 he was sent to Athens to complete his educa-
tion. He spent 20 years there, first as a student and then

as a colleague of Plato. When Plato died, Aristotle left

Because of his habit of lecturing
in the walking place (peripatos,
tutor of Alexander the Great (356-323 B.C.). In 335 B.C., in Greek) of the Lyceum, Aris-
totle's company of philosophers
came to be known as the "Peri-
school and center of research. Little is known of his patetics.”

Athens ana later returned to Macedonia to become the private

Aristotle came back to Athens and founded the Lyceum, a

physical appearance and little biographical information has

survised. Fortunately, S0 volumes of his writings (out of

perhaps 400 in all) did sur-
vive. These works of Aristotle w&
remained unknown in Western
Europe for 1500 years after the
decline of the ancient Greek
civilization, until they were
rediscovered 1in the thirteenth
century A.D. and incorporated
into Christian theology. Aris-
totle became such a dominant
influence in the late Middle

Ages that he was referred to

. " n n i
simply as "The Philosopher. This painting titled "School of

. . Athens" was done by Raphael in
The works of Aristotle constitute an encyclopedia of the beginning of the sixteenth

ancient Greek thought—some of it summarized from the work century. The painting clearly
reflects one aspect of the Ren-

aissance, a rebirth of interest
day it seems incredible that one man could have written so in classical Greek culture. The
central figures are Plato (on
left) and Aristotle. Raphael
logic, philosophy, theology, physics, astronomy, biology, used Leonardo da Vinci as his
model for Plato.

of others, but much of it created by Aristotle himself. To-
intelligently and knowledgeably on such different subjects as

psychology, politics and literature. Some scholars doubt it
was all the work of one man.

Unfortunately, Aristotle's physical theories had limita-
tions which became evident much later, and we will devote
part of this chapter to showing where these limitations lie 1%h4nap5 n 35¢0- Ap Eﬁ@ﬁawﬂg
in some specific cases. But this should not detract from views nﬂﬂj seem o litle nawe.
Aristotle's great achievements in other fields.
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According to Aristotle, the fall of a heavy object toward
the center of the earth is a natural motion. What factors
determine the rate of fall? A rock falls faster than a leaf;
therefore, he reasoned, weight must be a factor. An object
falls faster in air than in water, so the resistance of the

medium must also be a factor. Other factors, such as the

Color and temperatire of the object, could conceivably af-
fect the rate of fall, but to Aristotle these were evidently
of little importance. He assumed that the rate of fall must

% therefore increase in proportion to the weight of the object,
and decrease in proportion to the resisting force of the

medium. The actual rate of fall in any particular case would
ﬁi be determined by dividing the weight by the resistance. In
his book On_the Heavens, Aristotle makes the following state-

ment about natural motion (such as falling):
lal

Aristotle: rate of fall is
proportional to weight divided
by resistance.

A given weight moves a given distance in a given

time; a weight which is heavier moves the same dis-

tance in less time, the time ' being inversely propor-

tional to the weights. For instance, if one weight

is twice another, it will take half as long over a

given distance.

Aristotle also discussed "violent" motion—that is, motion
of an object which is not toward its natural place. sSuch
motion, he argued, must always be caused by a force, and the
speed of the motion will increase as the force increases. :
When the force is removed, the motion must stop. This theory
See Study Guide 2.13. agrees with our common experience in pushing desks or tables
across the floor. It doesn't seem to work quite so well for
objects thrown through the air, since they keep moving for a
while even after we have stopped exerting a force on them.
To account for this kind of motion, Aristotle assumed that
the air itself somehow exerts a force that continues to pro-

pel an object moving through it.

Later scientists proposed some modifications in Aristotle's

theory of motion. For example, John Philoponus of Alexandria,

John Philoponus: rate of fall in the fifth century A.D., argued that the speed of an object
is proportional to weight minus in natural motion should be found by subtracting the re-

resistance. sistance of the medium from the weight of the object, rather
than dividing by the resistance. Philoponus claimed that he
had actually done experiments to support his theory, though
he did not report all the details; he simply said that he
dropped two weights, one of which was twice as heavy as the
other, and observed that the heavy one did not reach the

ground in half the time taken by the light one.

There were still other difficulties with Aristotle's

theory of motion. However, the realization that his teachings
40
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2.2 Galileo and his times.

Sum

contri

concerning motion had their limitations did little to modify
the important position given to them in the universities of
France and Italy during the fifteenth and sixteenth
cenrturies. In any case, the study of motion through space
was of major interest to only a few scholars and, indeed, 1t
had been only a very small part of Aristotle's own work.
Nevertheless, Aristotle's theory of motion fitted much of
human experience 1n a general-—if qualitative—way.
Two further influences stood in the way of radical ® .
Y Greeks did vist know algebra -

T"l:;( Knew onl;%‘ geomeliry (anat

even thal wifiout numbers)
change? Second, he had put great emphasis upon qualitative Since gwmo‘t’ruc proof‘s
observation as the basis for all theorizing. Simple qualita-ewgn-ﬂhzlswnPbSt‘iervaﬁi
propositions are vevry compli-
cated , we should rigt be sur-
pnzea dt Aviglolies prejucce
careful measurements were made under controlled conditions. aqyd malhemalics . The
malthiemalics Hat would have
made € passible o deal
wiln quarilitalive obsevvalions
was not developed wdti( fhe
Lifh 1o terdh cerivnes A.p.
I¥ was not actally used

{hw;fénsivelg in sc wi_e'_ l‘“ugnﬁ(

/j cu et [&{%,.’7.7
* "

fadion falily;

changes in the theory of motion. First, Aristotle had be-

lieved that mathematics was of little value in describing

tive observation was very successful in Aristotle's bio-

logical studies. But progress in physics began only when

It would not be at all rash to suggest that when, over
19 centuries after Aristotle, Galileo turned his eyes away
from all the complicated motions of things in the outside
world and fixed them on the curiously artificial motion of
a polished brass ball rolling down an inclined plane, his
eyes made one of the most important turns in history. And
when he succeeded in describing the motion of that ball
mathematically he not only paved the way for other men to
describe and’éxplain the motions of everything from planets
to pebbles but did in fact begin the intellectual revolution
which led to what we now call modern science.

The new developments in both phys-

ics and astronomy came to focus in the writings of Galileo
Galilei. This great scientist was born at Pisa in 1564—the
year of Michelangelo's death and Shakespeare's birth.
Galileo was the son of a nobleman from Florence and he ac-

quired his father's active interest in poetry, music, and

repanltc of \enice
enice
*

Padua

the classics. His scientific inventiveness also began to

show itself early. For example, as a young medical student
at the University of Pisa, he constructed a simple pendulum-
type timing device for the accurate measurement of pulse

rates. °

®ftotence

Frovince of Tuscqny

Lured from medicine to physical science by reading Euclid
and Archimedes, Galileo quickly became known for his un-
usual ability. At the age of 26, he was appointed Professor
of Mathematics at Pisa. There he showed an independence of

spirit unmellowed by tact or patience.

Map of Italy at the time of

Soon after his ap- Galileo.

pointment, he began to challenge the opinions of his older

n::pa.a L Caliles lived. m &_ﬂho%ghﬁu( and give fife. Q. His
on

ion B science (in

9moi‘ overall
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, . his divect” Scientific discoveries ) was in establising
mathemalical and gquantilalive procedures as a valid port of scierce. 41
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colleagues, many of whom became his enemies. Indeed, he
left Pisa before his term was completed, apparently forced

( out by financial difficulties and by his enraged opponents.
Later, at Padua in the Republic of Venice, he began his work
in astronomy. His support of the sun-centered theory of the
universe eventually brought him additional enemies, but it
also brought him immortal fame. You will read more about
this in Unit 2.

Drawn back to his native province of Tuscany in 1610 by a
generous offer of the Grand Duke, Galileo became the Court
Mathematician and Philosopher, a title which he chose him-
self. From then until his death at 78 in 1642, he pro-
duced much of his excellent work. Despite illness, family
troubles, occasional brushes with poverty, and quarrels with

his enemies, he continued his research, teaching and writing.

Galileo gave us a new mathematical orientation toward the
natural world. His philosophy of science had its roots in
the ancient Greek tradition of Pythagoras, Plato and Ar-
chimedes, but it was in conflict with the qualitative ap-
proach characteristic of Aristotle. Unlike most of his
predecessors, however, Galileo respected the test of truth
provided by quantitative observation and experiment.

2.3 Galileo's "Two New Sciences." Galileo's early writings on

mechanics (the study of the behavior of matter under the in-
fluence of forces)were in the tradition of the standard
medieval theories of physics. Although he was keenly aware
of the short-comings of those theories, his chief interest
during his mature years was in astronomy. However, when his
important astronomical work, Dialogue on the Two Great World
Systems (1632), was condemned by the Roman Catholic Inguisi-
— tion and he was forbidden to teach the "new" astronomy,

Galileo decided to concentrate on mechanics. This work ied
to his book, Discourses and Mathematical Demonstrations Con-

cerning Two New Sciences Pertaining to Mechanics and Local

Motion, usually referred to as the Two New Sciences. The new

approach to the science of motion described in the Two New
Sciences signaled the beginning of the end not only of the
medieval theory of mechanics, but also of the entire Aris-
totelian cosmology.

Galileo was old, sick and nearly blind at the time he

wrote Two New Sciences, yet his style in it is spritely and

delightful. He used the dialogue form to allow a lively
— conversation between three "speakers": Simplicio, who rep-

SMm'Yerv a3 | Golileo presented his theones of wmolion in the book Two New Scences, In this
get” out’ his own views in gpposttion b those of Aristdtelians. & In mlerpreliv 43
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A page from the original Xtalian
edition of the Two New Sciences,
showing Salviati's statement
about Aristotle (see transla-
tion in text).
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*Salviafi’ and Simplicio bolh

coree on fhe premise .
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agree on lhe
consequencas of [he jpremise..

resents the Aristotelian view; Salviati, who presents the
new views of Galileo; and Sagredo, the uncommitted man of

good will and open mind, eager to learn. To no one's sur-

prise, Salviati leads his companions to Galileo's views.
Let us listen to Galileo's three speakers as they discuss

the problem of free fall:

Salviati: I greatly doubt that Aristotle ever
tested by experiment whether it is true that two
stones, one weighing ten times as much as the other,
if allowed to fall at the same instant, from a height
of, say, 100 cubits, would so differ in speed that
when the heavier had reached the ground, the other
would not have fallen more than 10 cubits. [A "cubit"
is equivalent to about 20 inches.]

Simplicio: His language would seem to indicate
that he had tried the experiment, because he says:
We see the heavier; now the word see shows that he
had made the experiment.

Sagredo: But, I, Simplicio, who have made the
test can assure you that a cannon ball weighing one
or two hundred pounds, or even more, will not reach
the ground by as much as a span ahead of a musket
ball weighing only half a pound, provided both are
dropped from a height of 200 cubits.

Here, perhaps, one might have expected to find a detailed
report on an experiment done by Galileo or one of his col-

leagues. Instead., Galileo presents us with a "thought ex- -

\ww7

periment"—an analysis of what would happen in an imaginary N
experiment, in which Galileo ironically uses Aristotle's own
method of logical reasoning to attack Aristotle's theory of

motion:

Salviati: But, even without further experiment,
it 1s possible to prove clearly, by means of a short
and conclusive argument, that a heavier body does
not move more rapidly than a lighter one provided
both bodies are of the same material and in short
such as those mentioned by Aristotle. But tell me,
Simplicio, whether you admit that each falling body
acquires a definite speed fixed by nature, a velocity
which cannot be increased or diminished except by
the use of violence or resistance?

Simplicio: There can be no doubt but that one
and the same body moving in a single medium has a
fixed velocity which is determined by nature and
which cannot be increased except by the addition of
impetus or diminished except by some resistance which
retards it.®

Salviati: If then we take two bodies whose natural
speeds are aifferent, it is clear that on uniting
the two, the more rapid one will be partly retarded
by the slower, and the slower will be somewhat
hastened by the swifter. Do you not agree wjith me
in this opinion?

Simplicio:

——

.
You are ungquestionably right.

ERIC

Aruitoxt provided by Eic:




Q

ERIC

PAFullToxt Provided by ERIC

Salviati: But 1f this 1s true, and if a large
stone moves with a speed of,. say, eight while a

Galileos argument, voiced

.o J R
smaller moves with a speed of four, then when they here, by SQ(V(QﬁmlS‘ SP‘Qndld.

are united, the system will move with a speed less Sq(viaﬁ' Shooos

of- & con-

than eight; but the two stones when tied together Sequerce OP 17 72) premise Ry
make a stone larger than that which before moved i((o?[oal. Hdp gauv- St— (Qﬂ&

with a speed of eight. Hence the heavier body moves F%ﬂ

with less speed than the lighter; an effect which
is contrary to your supposition. Thus you see how,
from your assumption that the heavier body moves
more rapidly than the lighter one, I infer that the
heavier body moves more slowly.

Simplicio: I am all at sea....This is, indeed,
quite beyond my comprehension....

As Simplicio retreats in confusion, Salviati presses
forward with the argument, showing that it is self-
contradictory to assume that an cbject would fall faster
1f its weight were increased by a small amount. Simplicio
cannot refute Galileo's logic, but on the other hand his

own eyes tell him that a heavy object does fall faster
than a light object:

Simplicio: Your discussion is really admirable;
yet I do not find it easy to believe that a bird-shot
falls as swiftly as a cannon ball.

Salviati: Why not say a grain of sand as rapidly
as a grindstone? But, Simplicio, I trust you will
not follow the example of many others who divert the
discussion from its main intent and fasten upon some
statement of mine that lacks a hairsbreadth of the
truth, and under this hair hide the fault of another
that is as big as a ship's cable. Aristotle says
that "an iron ball of one hundred pounds falling from
a height of 100 cubits reaches the ground before a
one-pound ball has fallen a single cubit." I say
that they arrive at the same time. You find, on mak-
1ng the experiment, that the larger outstrips the
smaller by two fingerbreadths....Now you would
not hide behind these two fingers the 99 cubits of
Aristotle, nor would you mention my small error and
at the same time pass over in silence his very large
one.

This is a clear statement of an important principle: 1in
careful observation of a common natural event the observer's
attention may be distracted from a fundamental regularity
unless he considers the possibility that small, separately
explainable, variations will be associated with the event.
Different bodies falling in air from the same height do not
reach the ground at exactly the same time. However, the im-
portant point is not that the times of arrival are slightly
different, but that they are very nearly the same! The

failure of the bodies to arrive at exactly the same time is
seen to be a minor matter which can be explained by a deeper

ow lhe (ine~”of owrgumerd:

See Study Guide 2.5 and 2.14.
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A stroboscopic photograph of
two freely falling balls of un-
equal weight. The balls were
released simultaneously. The
time interval between images is
1/30 sec.

understanding of motion in free fall. Galileo himself attri-

buted the observed results to the resistance of the air. A

few years after Galileo's death, the invention of the air pump
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Another argument against the
possibility of a vacuum could
be deduced from Aristotle's
theory: if the rate of fall is
equal to the weight divided by
the resistance and the resist-
ance of a vacuum is zero, then
the rate of fall of all bodies
must be infinite in a vacuum.
But that is absurd. Hence, a
vacuum is impossible!

allowed others to show that Galileo was right. when a
feather and a heavy gold coin are dropped from the same
height at the same time inside an evacuated container, they
fall at the same rate and strike the bottom of the container

at the same ‘instant.

We might say that learning what to ignore has been almost
as important in the growth of science as learning what to
take into account. 1In this particular case, Galileo's ex-
planation depended on his being akle to imagine how an ok-
Ject would fall 1f there were no air resistance. This may
be easy for us who know of vacuunm pumps. But in Galileo's
time it was an explanation unlikely to be accepted because
of the basic beliefs held by most educated people. For them,
as for Aristotle, common sense said that air resistance is
always present in nature. Thus, a feather and a coin could
never fall at the same rate. Why should one talk about
hypothetical motions in a vacuum, when a vacuum does not
exist? Physics, said A:istotle and his followers, should
describe the real world as we observe it, not some imaginary
world which can never be found. Aristotle's physics had
dominated Europe since the thirteenth century, nct merely be-
cause of the authority of the Catholic Church, as is some-
times said, but also because many intelligent scientists
were convinced that it offered the most rational method for
describing natural phenomena. To overthrow such a firmly
established doctrine required much more than writing reason-
able arguments or simply dropping heavy and light objects
from a tall building, as Galileo is supposed to have done in
his legendary experiment on the Leaning Tower of pisa. It
demanded Galileo's unusual combination of mathematical
talent, experimental skill, literary style, and tireless
campaigning to defeat Aristotle's theories and to get on
the path to modern physics.

2.4 Why study the motion of freely falling bodies? To attack the

By Aristotelian cosmology is
meant the whole interlocking set
of ideas about the structure of
the physical universe and the
behavior of all the objects in
it. This was briefly and in-
completely outlined in Sec. 2.1.
Other aspects of it will be
presented in Unit 2.

Summamj
Godileos

gﬁwnﬁfio 'fhouan? ard “aclion.

Q
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Aristotelian cosmology, Galileo gathered concepts, methods
of calculation, and techniques of measurement in order to
describe the motion of objects in a rigorous, mathematical
form. Few details of his work were actually new, but to-
gether his findings provided the first coherent presentation
of the science of motion. He realized that free-fall motion,
now seemingly so trite, was the key to the understanding of
all motions of all bodies.

Galileo also provides an example of a superb scientist.
He was an investigator whose skill in discovery and elogquence
in argument produced a deep and lasting impression on his
listeners. His approach to the problems of motion will

sfiw( free fall is woth careful examindlich becouse 't presevits a case shud
P‘?a(OF ‘9 Scentist using what wos 1o develop irtto Fhe odern made oF >




provide us with an opportunity for discussion of strategies
of inguiry that are used in science. We shall see a new
( mode of scientific reasoning emerge, to become, eventually,

‘ an accepted pattern for scientific thought.

These are the reasons why we study in detail Gal:leo's
attock on the problem of free fall. But perhaps Galileo
himself should tell us why he studied motion:

My purpose is to set forth a very ne. science deal-
ing with a very ancient subject. There is, in nature,
perhaps nothing older than motion, concerning which
the books written by philosophers are neither few nor
small; nevertheless, I have discovered some properties

of it that are worth knowing and that have not hitherto He was wrong in this: more
been either observed or demonstrated. 3ome superficial than mere “superficial observa-
observations have been made, as, for instance, that the tions" had been made long be-
natural motion of a heavy falling body is continuously fore Galileo set to work. For
accelerated; but to just what extent this acceleration example, Nicolas Oresme and
occurs has not yet been announced.... others at the University of
Paris had by 1330 discovered

Other facts, rot few in number or less worth knowing I the same distance-time relation-
have succeeded in proving, and, what I consider more ship for falling bodies that
important, there have been opened up to this vast and Galileo was to announce with a
most excellent science, of which my work is merely the flourish in the Two New Sci-
beginning, ways and means by which other minds more ences.

acute than mine will explore its remote corners.

2.5 Galileo chooses a definition of uniform acceleration. In

{ studying the f¢llowing excerpts from the Two New Sciences,
which deal directlv witin the motion of freely falling bodies,
we must be alert to his overall plan. First, Galileo dis-

cusses the mathematics of a possible, simple type of motion, ] . .
Galileo is saying thdt a 4
defirnition shaul; corvespond 1o
that this is the type of motion that a heavy body indergoes whdt is observed i natire.
during free fall. This assumption is his main hypothesis

namely, motion with uniform acceleration. Then b assumes

It will help you to have this
about free “all. Third, he deduces from this hypothesis plan clearly in mind as you pro-
gress through the rest of this

some predictions that can be tested experimentally. Finally, chapter. As you study each suc-

he shows that these tests do indeed bear out the predictions. ceeding section, ask yourself
whether Galileo is
In the first part of Galileo's presentation there is a - presenting a definition

- stating an assumption

-~ deducing predictions from his

the one in our Chapter 1. The second part concerns "uni- hypothesis

- experimentally testing the
}-edictions.

thorough discussion of motion with un. form speed similar to

formly accelerated motion":

We pass now to...naturally accelerated motion, Summary 2.5 ]
such as that generally experienced by heavy falling | Qali(eo arbd’mv;i«a de(:hed
bodies.... uniform acceleralich as mdtion
And first of all 1t seems desirable to find and " h&“Ck the .‘ OF a
explain a definition best fitting natural phenomena. YROVI badﬂ jncreases b .
For anyone 1 ay invent an arbitrary type of motion equa.( amouints in equal mes.
and discuss its properties...we have decided to
consider the phenomena of bodies falling with an imed
acceleration such as actually occurs in n-ture and ﬂ.. He Wn dai M
( to make this definition of accelerated motion exhibit (MG definilion ‘ﬂrs netiurel
the essential features of observed accelerated : henomem, in -{-"apf
motions. dbjects falling freely at He
3 Accurdle descriglion (kinernalics) must edrihs Sar(‘acge cwce(z«zfe in
come before a Search {or causes (dgnamio;). accordovce with #iat 47

defivition.
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Finally, in the investigation of naturally accel-

This is sometimes known as the erated motion we were led, by hand as it were, in

rule of parsimony: unless you following the habit and custom of nature herself,

know otherwise, assume the sim- in all her various other processes, to employ only
plest possible hypothesis to those means which are most common, simple and easy....

explain natural events.

When, therefore, I observe a stone 1nitially at
rest falling from an elevated position and contin-
ually acquiring new increments of speed, why should
I not believe that such increases take place in a
manner which is exceedingly simple and rather obvious
to everybody? If now we examine the matter carefully
we find no addition or increment more simple than
that which repeats itself always in the same manner.
This we readily understand when we consider the
so that (to use our symbols, intimate relationship between time and motion; for

Galileo is saying that just as
we have defined uniform speed

not his): just as uniformity of motion is defined by and
Ad conceived through equal times and equal spaces
V=ae? (thus we call a motion uniform when equal distances
are traversed during equal time-intervals), so also
let us also define uniform ac~- we may, in a similar manner, through equal time-
celeration so that: intervals, conceive additions of speed as taking
place without complication....
v
a=aite Hence the definition of motion which we are

i about to discuss may be stated as follows:
This is the same definition we

used in Chapter 1. Since Galileo A motion is said to be uniformly accelerated,
always deals with the case of when starting from rest, it acquires durlng equal
objects falling from rest, this time-intervals, equal increments of speed.

can be written in the form
Sagredo: Although I can offer no rational objec-
a==<, tion to this or indeed to any other definition devised
t by any author whosoever, since all definitions are ar-
bitrary, I may nevertheless without defense be allowed
to doubt whether such a definition as the foregoing,
established in an abstract manner, corresponds to and
describes that kind of accelerated motion which we meet
in nature in the case of freely falling bodies....

Here Sagredo, the challenger, questions whether Gaiileo's
arbitrary definition of acceleration actually corresponds to
the way real objects fall. Is acceleration, as defined, use-
ful in describing their change of motion? Sagredo tries to
divert the conversation:

From these considerations perhaps we can obtain an
answer to a question that has been argued by philoso-
phers, namely, what is the cause of the acceleration
of the natural motion of heavy bodies....

Salviati, the spokesman of Galileo, sternly turns away
from this ancient concern for causes. It is premature, he
decl=ares, to ask about the cause of any motion until an ac-

curate description of it exists:
[

*Quited of the ‘
bes"m'nﬁ OF %Pbrs_ . Salviati: The present does not seem to be the proper
time to .nvestigate the cause of the acceleration of
natural motion concerning which various opinions have
' . been expressed by philosophers, some explaining it by
;Zi:eaz 2§§::zt;231§282h$253£r0 attraction to the center, others by ‘repulsion between
it (Sec. 2.1). the very small parts of the body, while still others
attribute it to a certain stress in the surrounding me-
dium which closes in behind the falling body and drives
it from one of its positions to another. Now, all these
fantasies, and others, too, ought to be examined; but

Here Salviati refers to Aris-
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it is not really worth while. At present it is the

[ X .
purpose of our Author®merely to investigate and to demon- Galileo himself

strate some of the properties of accelerated motion,
whatever the cause of this acceleration may be.

TS: Uniform velocidty vs.
Galileo has now introduced two distinct suggestions, urﬂﬁorn1 accelsvation.

which we must take up in turn. 1) "Uniform acceleration”
means equal increases in speed 4v in equal times 4t; and
2) things actually fall that way. Let us fi.st look more

closely at Galileo's proposed definition.

Is this the only possible way of defining acceleration?
Is it obviously right? Not at all! As Galileo goes on to
admit, he once believed that in uniform acceleration the
speed increased in proportion to the distance traveled, &d,
rather than to the time at. 1In fact, both definitions had
been discussed since early in the fourteenth century, and
both met Galileo's first command: assume a simple relation-
ship among the physical quantities concerned. Furthermore,

both definitions seem to match our commonsense idea of ac- ‘ZJdéY nuaht come back
celeration® For example, when we say that a body is "ac- 'fh,g ond aske 30“,- studerts o
celerating," we seem to imply "the farther it goes, the discuss the uevices of

faster it goes," as well as "the longer it keeps moving, the ? ‘iepﬁ&ﬂjoﬂ where accelavalion

faster it goes." And what, you might ask, is there to choose t6 f%ii

between these two ways of putting it?
Acceleration could be defined either way. But which de-
finition can be found useful in a description of nature?

This is where experimentation is important. Galileo defined

uniform acceleration so that change of speed is proportional A:Before You Pm‘i 1o Sec.a.6
to elapsed time‘, and this definition led to fruitful conse- ask uour sludertz how th

quences. Other scientists chose to define acceleration so would {est -pre definilion

acceleradion

that speed is oroportional to distance traversed. Galileo's Galileo

definition turned out to be the most useful so it was brought

into the language of physics.

2.6 Galileo cannot test his hypothesis directly. Galileo de-~

fined uniform acceleration so that it would match the way
he bel +ved freely falling objects behaved. The next task
for Gali.eo was to show that the definition for uniform
acceleration (a = v/t = constant) was useful for describing
observed facts.

This was not as easy as it seems. Suppose we drop a
heavy object from several different heights—say, from win-
dows on different floors of a building. In each case we fsw*""“"ﬂ 2.6
observe the time of fall t and the speed v just before the

cod nat be

object strikes the ground. Unfortunately, it would be very

Because” velocitt

as adopted %ﬂ

ond time
sured
accuratel , Galileo. could

difficult to make direct measurements of the speed v just ndt dire test his h

before striking the ground. Furthermore, the times of fall HaeEﬁs ol i {hae

from

rest v/t is constant.
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Summary 8.7 |. Fom a=¥ | Galileo derived the equivalerit velationship s--‘%t'z., . Ths adllowed
him o réstate hs huypathesis : for a body falling freely from the rest, s/tz is conclait. 3. He

dill could net test fais dli"ec'ﬂg

Té: Derivation o

A: Measurin Your
reaclion time

Hle wanted to answer the question:
for an object moving with uni-
form acceleration what is the
relationship between the dis-
tance traveled and the tiume

elapsed?

As before,
Vinitial® initial speed
Veinal ° final speed
vav = average speed.

See Study Guide 2.6.

Does this equation hold for
cases of uniform acceleration
only?
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because of tie short Time witervmls  involved in free fall.

are smaller (less than 3 sec even from the top of a 10-story
building) than Galiieo could have measured accurately with
the clocks available.

2.7 Looking for logical consequences of Galileo's hypothesis.

The inability to make direct measurements to test hi1s hypoth-
esis that v/t is constant did not stop Galileo. He turned

to mathematics to derive some other relationship that could
be measured with the equipment asailable to him.

Distance, of course, is easily determined, so Galileo set
out to derive an equation for acceleration expressed 1in terms
of distance an® time rather than speed and time. We shall
derive such an equation by using relationships familiar to
us, rather than by following Galileo's derivation exactly.
First, we recall the definition of average speed as the
distance traversed divided by the elapsed time. In symbols
we write

v =
av

[sd N

This is a general definition and can be used to compute the

average speed for any moving object.

For the special case of an object moving with uniform ac-

celeration, we can express the average speed in another ‘5

way—in terms of initial and final speed :

* Vinitial + Veinal
v =
av 2

If this uniformly accelerating object starts from rest, that

is v,

. = w i
initial 0, we can write

V..
* v _ flnalz%

av 2 vfinal

In words we would say the average speed of any object start-
ing from rest and accelerating uniformly is one-half the
final speed.

We now have two equations which can be applied to the
special case of uniformly accelerated motion. Since the
average speed is given by both of these equations, we can
eliminate Vo Thus,

'*' v = % ord=yv t.

So, substituting %vfinal for Vay Ve have

* a=y

Veinal t.

* Emphasize Hhat oll Hese equdtions are. for the al case
of unform acceleration: also, all except tie fivst are for
the special case of Viitial = O.




Somehow we need to
of it.

We now have to take a final step.
get acceleration into the equation and speed out

Our starting place was:

* Q= Veinal
- t
which, when we solve for Veinal' becomes
Veinal * at.
If we now combine this with
= ! -
d Veinal t
we get * c = 4(at)t
or d = kat?,

Gq}ileo's own derivation was somewhat different from

this. However, he reached the same conclusion: in uniform-
ly accelercoted motion the distance traveled in any time by
an object starting from rest is equal to one-half the ac-
celeration times the square of the time. Since we are deal-
ing only with the special case in which acceleration is uni-
form and %a is constant, we can state the conclucion as a
proportion: in uriform acceleration the distance traveled
is proportional to the square of the time elapsed. For ex-
ample, *f a uniformly accelerating cart moves 3 m in 2 sec,

it would move 12 m in 4 sec.

Now let us see where we are with reference to Galileo's

V.
problem. Using the three expressions a = -final

14
Vfinal -
av = — 37— andd = v t, we found that d = Lat?, This
simple relation, derived from Galileo's definition of ac-

v

celeration, is the key to an experimental test which he pro-
posed. The relation can be put into a form of more direct

interest if we divide it by t2:

d
— = ka

t

Thus a logical result of the original definition of uniform
acceleration 1s: whenever a is constant, the ratio, d4/t?2,
is constant. Therefore, any motion in which this ratio is
constant for different distances and times must be a case

of uniform acceleration as defined by Galileo. Of course,

it was his hypothesis that freely falling bodies exhibited
just such motion.

The derived relationship d4/t? = %a has one big advantage

over the definition of uniform acceleration: it does not

® Lt was graphic vather than algebraic

What is the unwritten text be-
hind this equation?

The unwritien fext irdudes the
wplctt  assurmplions thgt vere
moade in the derivalion or p.50.

lgaisconsfartt
2D v, = 0O
@ éL': C?}‘xt to

Galileo's hypothesis restated:
for freely falling bodies the
ratio d/t2 is constant. How
else could this be worded?

doc t2
or d=kt?
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See Study Guide questions 2.16 . . . .
and 2.17. measuring. Instead, it contains the distance d, which he

contain the speed v which Galileo had no reliable way of

could measure directly and easily. HKowever, th measurement
of the time of fall t remains as difficult as before.

Hence, a direct test of his hypothesis still eluded Galileo.

{'all is the extremne l.m:r ?

molion alan
mc(m p(ane )

Q1 why did Galileo use the equation d = Q2 1f you simply combined the two equations
%—at2 rather than a = % in testing his d = vt and a = % you might expect to get
hypothesis? the result d = at?. Why 1s this wrong?

5umm 2.8 2.8Galileo turns to an indirect test. Realizing that it was

l. Galileo"used the inclineg  Still impossible to carry out direct quantitative tests with
Fﬂane as an Wﬁmwwnerﬁ'for freely falling bodies, Galileo next proposed a related hy-
kﬂmﬁ”ﬁa1W1 the Tirhe of fall pothesis which could be tested much more easily. According
on 1h6 Qa “"Wib“-ﬂadt to Galileo, the truth of his new hypothesis would be estab-

lished when we find that the inferences from it correspond

and agree exactly with experiment.

The new hypothesis is this: if a freely falling body has

an _acceleration that is constant, then a perfectly round

ball rolling down a perfectly smooth inclined plane will

also have a constant, though smaller, acceleralion. Thus,

smooth, wichned plane will

smaller) acceleruilion .

Note the careful description of
the experimental apparatus. To-
day an experimenter would add

to his verbal description any
detailed drawings, schematic
layouts, or photographs needed
to make it possible for any
other competent scientist to
duplicate the experiment.

3. Experwmerit showed that
angles fested , s/t? is constant.

Do you think measurements can
actually be made to 1/10-pulse
beat? Try it.

/ is con.sf’ant then £
muétbe corstant ‘fﬁemf'onz
C(ah(eo claimed., 'bl’w definlion of
accelemfm (a=:‘\é>
must fit actual free fall.
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é-aHG eﬁ‘s men ‘ Galileo claims that if %2 is constant for a body falling

{ kxxﬁ? . . . “~
an accel orlfﬂiﬁ con- freely from rest, this ratio will also be constant, although 3
5Tarct then a round smaller, for a ball released from rest and rolling different o

ball YDU downt & f‘ ly distances down an inclined plane.

H is h sk . . . .
also h a c arzt'ﬂf( j ere 1s how Salviati described Galileo's own experimental
test:

A piece of wooden moulding or scantling, about
12 cubits long, half a cubit wide, and three
finger-breadths thick, was taken; on its edge was
cut a channel a little more than one finger in
breadth; having made this groove very straight,
smooth, and polished, and having lined it with
parchment, also as smooth and polished as possible,

we rolled along it a hard, smooth, and very round

bronze ball. Having placed this board in a sloping
position, by lifting one end some one or two cubits
above the other, we rolled the ball, as I was just
saying, along the channel, noting, in a manner
presently to be described, the time required to
make the descent. We repeated this experiment

more than once in order to measure the time with

an accuracy such that the deviation between two
observations never exceeded one-tenth of a pulse-
beat. Having performed this operation and having
assured ourselves of its reliability, we now rolled
the ball only one-quarter of the length of the
channel; and having measured the time of its
descent, we found it precisely one-half of the former.
Next we tried other distances, comparing the time
for the whole length with that for the half, or
with that for two-thirds, or three-fourths, or
indeed for any fraction; in such experiments,




repeated a full hundred times, we always found
that the spaces traversed were to each other as
the squares of *he times, and this was true for
all inclinations of the...channel along which we
rolled the ball....

Galileo has packed a great deal of information into these

lines. He describes his procedures and apparatus clearly
enough .¢ allow other investigators to repeat the experiment
for themselves if they wish; he gives an indication that
consistent measurements can be made; and he restates the two
experimental results which he believes support his free-fall

hypothesis. Let us examine the reasults carefully.

First, he found that when a ball rolled down an incline
at a fixed angle to the horizontal, the ratio of the distance
covered to the square of the corresponding time was always
the same. For example, if d,, d,, and d; represent distances
from the starting point on the inclined plane, and t;, t;,

and t3; the corresponding times, then

d,

(t1)?

d, d;

(k)2

(t3)?2

®

This picture, painted in 1841

by G. Bezzuol:, reconstructs

for us an experiment Galileo

is alleged to have made during
his time as lecturer at Pisa.

To the left and right are men

of ill-will: the blasé Prince
Giovanni de Medici (Galileo

had shown a dredging-machine
invented by the prince to be
unusable), and Galileo's sci-
entific opponents. These were
leading men of the unmiversities,
who are bending over a sacro-
sanct book of Aristotle, where
it is written in black and white
that, according to the rules of
gravity, bodies of unequal weight
fall with different speeds.
Galileo, the tallest figure left
of center in the picture, is
surrounded by a group of students.

* e panling is a romanticized
and histericolly naccurale
vepresentalion. There is no
:::i%rTMexiﬂ?E?- Ckﬁﬁ(cé t

v is exqpenmen
n font of fhe nobles and
mon of clisturction depicted
mn the poinliag,.

Starting point

Angle of incline

and in general (for a given angle of incline),

= constant.
tZ

Galileo did not present his experimental data in detail,

for that had ..ot yet become the custom. However, his ex-

periment has been repeated by others, and they have obtained
results which paralleled his. For example, one experimenter
obtained the results shown in Table 2.1. But this is an ex-
periment which you can perform yourself with the help of one
The students seen

or two other students. conducting this

experiment recorded the findings in their notebook shown on

the next page.

Galileo's second experimental finding relates to what

happens when the angle of inclination of the plane is

changed. He found when the angle changed, the ratio

t2

also changed, although it was constant for any one angle.

Q
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Table 2.1. Results from an ex-
periment of Thomas Settle in
which the angle of inclination
was 3° 44' (See Science, 133,
19-23, June 6, 1961).

2

Distance Time (ml of d/t
water)
15 ft 90 .00185
13 84 .00183
10 72 .00192
7 62 .00182
5 52 .00185
3 40 .00187
1 23.5 .00182
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® Kernind studesits of Section 1.6
ard the dangers of egropolation.

This was confirmed by repeating the experiment "a full hun-
dred times" for each of many different angles. After finding

that the ratio d_ was constant for each angle of inclination
( t“ k

for which measurements of t could be carried out convenient-

ly, Galileo was willing to extrapolate.® For each angle, the acceleration
is found to be a constant.

e reasoned that the ratio é? is a constant even for lar-
t

ger angles where the motion of the ball is too fast for ac-

curate measurements of t to be made. Further, he reasoned

that if the ratio a is constant when the angle of inclina-

tion is 90°, then — is also a constant for a falling object.

Thus, by combining experimentation and reason, Galileo was @&
able to make a convincing argument that for a fallinjy object l
the ratio d is a constant.
£2
Now let us review the steps we have taken. By mathematics

we showed that %? = constant is a logical conseguence of

% = constant. In other words, if the statement
= constant Spheres rolling down planes of
incregsingly steep inclination.

is true. then the statement At 90° the inclined plane
situation matches free fall.

= constant (Actually, the ball will start
slipping long before the angle
has become that large.)

<

e

is also true.
Next, Galileo proceeded to prove that %7 is a constant

for a falling object. By reversing the previous mathematics
you can show that if the statement

d
\ 7 = constant

t

is true, then the statement
Y= constant
t

must also be true.

But - = constant matches Galileo's definition of uniform

acceleration namely

a—-‘_,
=t -

Therefore. his hypothesis that falling objects move downward

with uniform acceleration appears to be correct. See Study Guide questions 2.1,
2.2, 2.3, 2.4.
Q3 Galileo's verification of his hypothesis inclination can be extrapolated to large
that free fall is uniformly accelerated angles.

motion depends on the assumption that (d) the speed of the ball is constant

{a) d/t? is constant. as it rolls.
( (b) the angle of inclination of the (e) the acceleration of the rolling
plane does not change. ball is the same as the acceleration in

(c) the results for small angles of free fall.
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Summarg 2.9
Early Water Clocks. I. The woler clock was Qa Sumolena accurdle mstrumerit -for

measuring Tirme irtervals in Galiledg inchireol plane experiment.

2.9How valid was Galileo's procedure? Some doubts arise con-

cerning this whole process of reasoning and experimentation.

First, was Galileo's measurement of time accurate enough to

establish the constancy of g; even for the earlier case of
t

a slowly rolling object? Galileo tries to reassure possible
critics by providing 