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As my car was cruising,

| locked 2t the speedometer

It was a steady 40 miles per hour
A" | said to myself,

My acceleration is zero

And by Newton's Znd law

No forces are acting on me!

| turned the ignition off

to save some petrd,

since by Newton's |5t law

I'd move uniformly 2t 4O miles per hour
As 1o forces were acting on me!

The road was straight

And | dozed off to some music
when the radio woke me up --
"the traffic is held up

as some car has stopped

in the middle of the road..."
the radio blared.

| cursed the radio

and the driver of the

car that stopped...

Obviously #'s someone who
doesn't know Newton's |aws!

"Push yaur car off the road

by applying Newton's third law"

| screamed, ""before my car hits
your car... At 40 miles per hour!!"

Foreword

We all think we know Newton's laws, but
do we really? Balaji Sampath's delightful
book solves the mystery of the walking dog
by taking us through a classroom where
children with inquisitive minds are exploring
with acompetent teacher. Since Balaji bases
the book on questions that were really asked
by school children in urban and rural
Tamilnadu in India, the book has an originality
and freshness that would hardly have been
thought possible f9r something on a topic
where many text books have been written
since ages.

The cartoons and discussions are funny
and thought provoking and children, teachers
and parents alike will enjoy while learning.
By following the clues of this Isaac Newton
Mystery, the readers will not only find out
more about a curious dog but also will unravel
everyday phenomenon and develop a mastery
of school physics, where Newton's laws are
applicable.

So without further ado turn the pages and
you will continue to read until the book is
over!

— Ravi Kuchimanchi

Ravi Kuchimanchi obtained his Ph.D. in particle
physics from University of Maryland, College Park
and did postdoctoral work in theoretical physics at

University of Virginia, Charlottesville.



Preface

This book tries to explain Newton’s Laws in simple terms. But this does not mean we sacrifice
the insights and complexities of the subject for the sake of simplicity. Instead through a
whole range of discussions and experiments, the key points are highlighted and the complexities
described in detail.

This book claims to be simple and fun and yet meant for serious reading. It is meant for those
who want to really understand what Newton’s laws mean. Yet this also attempts to be a
popular science book. Is it really possible to combine all these in one book? Only you - the
reader - can tell.

Why Newton’s Laws?

It is 400 years since these laws were written down. Today’s fashion is writing on the meaning
of quantum gravity, or black holes and big bang or even string theory. These are the latest
developments in Physics. Popular Science books try to focus almost exclusively on these
themes. So why have we brought out a book on good old Newton’s laws, which every
textbook states in 3 lines? For one, Newton’s laws are well known but seldom understood.
A complete understanding of Newton’s laws is far more useful than learning half-baked
quantum concepts that are thrown around in the middle of a conversation! Quantum
mechanics is a wonderful subject - but it grows out of a through understanding of ordinary
Newtonian Mechanics. Second, there is a lot that is exciting in Newtonian Mechanics - it
really describes the world around us. A full understanding of Newton’s laws can help you
understand the things happening around us much better. In this book our attempt is not
merely explaining what Newton said. We try to get readers to think like Newton, to get a feel
for the scientific process of dialogue, hypothesis, experimentation and consolidation. We
can learn names and concepts others have thought about. Or we can learn how to think
about nature. In the final count the latter is always more rewarding and a lot more fun.

This is a dialogue book on Newton’s Laws. What does that mean? The book is written as a
classroom dialogue between students and a teacher. This is not an imagined dialogue. This
book was developed by actually doing these activities and discussions in class. The questions
you see here are really questions that students raised in class when we had these discussions.
This material has been tested in a whole range of schools - from the poorest schools to the
most elite schools, and even with 3rd year B.Sc. Physics students in colleges. The surprising
thing was the response to this material across this wide spectrum was pretty much the same
- the amount of fun the students had thinking about these otherwise “boring” laws is what
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encouraged us to come out with a book.

After this dialogue was written, other volunteers used it and provided their inputs. Based on
their suggestions, new chapters clarifying difficult areas were introduced. This book weaves
together real questions, doubts and problems all these people from many different and varying
backgrounds had on this subject.

The first chapter is very easy. Almost everyone can read it without much effort. The second
chapter is slightly harder - it will take a few readings to completely grasp the arguments. The
third chapter requires a bit of high school mathematics and introduces detailed problem
solving techniques. There is a note at the end of chapter 3 which introduces the reader to
vectors. This note will be useful in understanding the problem solving techniques introduced
in chapter 3. Finally we have sections from Newton’s Original Principia as an Appendix.
This is not a book that can be read from beginning to end like a novel. You have to read it
once and then re-read each chapter two to three times to really understand all the points.

Science books usually state facts with absolute certainty. In this book, we instead, point out
problems with the facts, find holes and make these laws sound uncertain. Unfortunately our
society fears uncertainty. This fear drives us to ideas that sound certain - even if they are false.
But to do good science, you must overcome the fear of uncertainty. The instant clarity you get
by merely accepting a fact without thinking hard about it is not real clarity. !f you feel uncertain,
it just means you are thinking about the problem, turning it around in your head, trying to
internalize it and link it with what you already know. This is a sign of good science! Truth is
more important than certainty.

There are 3 groups which can use this book:

1. Students- You know Newton's laws already - but do you really understand what it means?
If you don’t see Newton’s Laws in everything that happens around you, then you need
this book!

2. Science Teachers - Many good teachers want to convey the spirit behind a subject. But
limited time and a lot of topics to cover make this hard. What is the real meaning of
Newton’s Laws, how to introduce it in class, how to get students to actively discuss these
laws - as teachers all these are important questions that you need to answer. This book
will hopefully help you in this process.

3. Others - You probably learnt and promptly forgot Newton’s Laws in school. This book
hopes to get you thinking about forces and motion - about what you see around you and
about the basic process of scientific thinking.

Why Dialogue?

| have found science dialogues are the best way to get a class actively interested in the subject.
As you try these in class, | am sure you will agree. Dialogue and debate is the way of science
- and as we do it we learn more than just the facts. We learn how to think - which is after all
what real learning is.



In the usual mode of learning, a teacher shows us the ‘right’ way to do things. The ‘right’
method is repeated several times until we forget our old ‘wrong’ way of doing things. The
problem with this approach is that the learner seldom figures out what was wrong with his/
her original way of thinking. The new idea is uncritically accepted - but the old idea remains
in our head along with the new ideas. This creates conflicts and a very confused understanding.
The student is very unsure of what he/she knows and is not able to figure out what he/she
understands and what he/she does not. This leads to.a serious lack of confidence.

I understand an idea better only when | figure out what was wrong with my earlier approach.
Only by figuring out what is ‘wrong’ with our ‘wrong’ ideas can we figure out what is ‘right’
with the ‘right’ ideas! This makes our understanding sure-footed and thorough. Learning
what is wrong with our ‘wrong’ ideas requires a dialogue - merely stating what is right is not
enough. A dialogue can bring out different perspectives and discuss why some perspectives
are better than others and what is wrong with the other perspectives.

Dialogue is fundamental to science. Science grows through dialogues. Raising and answering
questions, clarifying concepts, doubting claims, offering alternatives and devising experiments
- all this is what constitutes active science. This is the best way science can be learnt. This is
the philosophy behind the Eureka Science Dialogue Series.

Eureka Science Dialogue Series

Eureka Science Dialogue Series is an attempt to bring out a set of books to introduce basic
concepts through simple discussions. The first in this series is this dialogue on Newton’s
Laws. We believe that everyone can understand our world. That this is not the case today is
primarily because we have not made the effort to explain things simply enough. We also
believe that a better understanding of the world around us will help us develop into more
confident and capable people.

Eureka Science Education Network is a joint programme of the Tamilnadu Science Forum and
the Association for India’s Development. The Tamilnadu Science Forum is a voluntary
organization working on literacy, health, education and women’s empowerment in villages,
slums and schools all over Tamilnadu. Association for India’s Development is a network of
Indian students and professionals in software companies, research institutes and universities
all over the world who work on education, health and rural development issues. At the end
of this book is a brief note on Eureka Science Education Network, Tamilnadu Science Forum
and Association for India’s Development.
- Balaji Sampath
2™ QOctober, 2002

Although the whole of philosophy Is not immediately evident, still it Is better to
add something to our knowledge day by day than to fill up men’s minds in
advance with the preconceptions of hypotheses.

- Isaac Newton
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Newton’s Three Laws of Motion

Newton wants to calculate anid predict how objects move. He does this by setting out three
laws that all objects obey. First he talks about the natural motion of an object.

Newton’s First Law: A body at rest continues to remain at rest and a body in motion keeps
on moving uniformly with a constant speed in a straight line if there is no net external force on
the body.

Therefore being at rest and moving uniformly forever are two possible natural motions for
every object.

Newton then discusses why sometimes objects differ from their natural motion. This he says
happens because other objects influence or ‘act’ on this object. The way they act on this
object is by exerting a ‘force’ - a push or a pull. This force changes the way the object moves.
Since objects move with constant velocity even when there is no force, force does not cause
velocity. Instead force causes a change in velocity. The rate of change of velocity is acceleration
and force is proportional to this.

Newton’s Second Law: F=ma. The net external force on an object changes the object’s
motion and the net external force is equal to the rate of change of momentum of the object.

For most simple cases, this law can be stated as F___ = mass x acceleration.

This is the famous F = ma. With the first two laws, Newton has given us a programme to
calculate how things move. Look at how the object moves in the beginning. Get its velocity.
With this you can calculate the new position. Use the force on it to calculate the acceleration.
With this acceleration, you can calculate the new velocity and with that you can calculate the
next position, and so on. This is the basic Newtonian programme for understanding motion
- at least in principle. What is left is actually finding out what the forces on objects are. This
turns out to be quite tough. Newton gave us the exact force law in the case of gravitation:
F = (Gm,m,)/ r2. With this we can calculate the motion of planets and comets. He then gave
a general law about forces. This doesnt tell us what the force law exactly is, but tells us what
one force should be in terms of another.

Newton’s Third Law: For every action there is an equal and opposite reaction. Whenever a
body A exerts a force on another body B, the second body B exerts an equal and opposite
force on body A.

This law merely states as a principle the observation that whenever you press something, that
something presses you back equally. Action and reaction are just forces - and they act together.
They are not cause and effect. Newton tells us that if you know one force, you also know the
other. Newton then proceeds to show how a lot of things around us can be explained using
these three basic laws.



To the Teacher...

Newton’s laws can be stated very easily. But understanding them is an entirely different
matter. In working with school children, we found a lot of misconceptions around the meaning
of force and Newton’s laws. For example...

There is a belief that these laws work only for non-living things.

There is a lot of confusion about the words action and reaction.

There is also a lot of confusion between the concepts of pushing and moving.

There isn’t sufficient understanding of what uniform motion forever means.

These laws are seen as three different independent statements and not as an integrated
package that helps us understand how the world works.

Because students haven’t applied these laws in real life situations, these laws seem very
‘text-book-ish’ - therefore students inside their heads assume these laws are meant for
answering questions and not for thinking about the world.

bk wh =

o

In this book, we look at classroom discussions that bring out questions in students’ minds.
We have found such discussions very rewarding - often for the first time, students begin to
believe in the reality of these laws and begin to apply these laws to the world they see around
themselves.

The main idea that must be conveyed to students is that these laws form one single complete
package. Itis not law number 1,2,3,4,... They have to see how these laws together help us
understand and explain the world. These laws are after all statements gathered from practical
observation of things around us. They offer us a world-view - a way of thinking about the
world. This world-view is what students have to grasp. Understanding each law separately
will just not do. Understanding the framework behind Newton’s laws and how within this
framework these laws help us ask questions about motion and helps us answer them
quantitatively - this is what is needed.

Newtonian framework is an excellent introduction to scientific thinking. A framework that

shows how the world works. A framework that suddenly makes a lot of inexplicable things

around us seem explainable. Introducing the student to this way of thinking can put him or

her on the path to a scientific outlook on life. If this can be done, this book would have’
achieved its purpose.
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. Chapter 1
Isaac Newton's Dog and His Three Laws

TMERE & AN EQUAL AND OPPOSTTE DOs
THAT CHASES NEWTON /
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Chapter 1: Section A

Dog at rest does not remain at rest !

There are two parts to Newton's first law. A body at rest continues to be at rest and a body
that is moving keeps on moving forever - if there is no external force.

In this section, we look at the first part of this law. The law in this form looks very simple.
Bodies at rest remain at rest if you don't disturb them.

Most people would accept this as a simple law - just stating a daily observation that
undisturbed, things remain at rest. But if you accept it as such, then you also observe that a
sleeping dog gets up and starts walking all on its own without being disturbed. Now both
these observations are not consistent. So most people sub-consciously conclude inside their
heads that this first law works only for non-living things.

But the point is that Newton’s first law is a statement for all bodies - not just non-living things.
In this section we use examples to point out how this law seems to be violated in a number of
cases. We then try to argue what Newton really meant by the first law.

In this section our aim is to confuse you! We want to shake your belief in the idea that bodies
at rest remain at rest if they are not disturbed. Let’s see how well we succeed!

13



CAN SoMEONE TELL WME
WHAT |S NEWTONS FIRST LAW?

-------

‘ EVERY BODY
V7 ONTINUES TO BE N A
STATE CF REST OR ©F
NIEORM MONON N A ST
STRAGHT LINE ML
AN EXTERNAL FORCE
ACTS oN T/

THIS SouNDS

- COMPLICATED AND | | i WILL BAPPEN
IN FacT A LITTLE

A \F A PobY VIOLATES

o FOR 1 |—e LAaW? Wil T

LL PAR
A T | [BE PaNoeR?




DO YOU TTHINK ANYBoDY
WILL DARE VIOLATE “THS Law?

THEN LET 0S5 (ANDERSTAND
WHAT A BeDY  SPould Do

TOADD  PUNISHMENT, WHAT
ARE THE TWC THNGS —Twar

SxoulD BAPTEN |F THERE
1S NO EXTERNAL FORLE?

A BODY AT REST
ZONTINUES TO BE
AT REST AND A

BDY THAT IS MOVING
. SNTINUES TO MoNE
UNIFORMLY N A

AT REST. 1S ™IS TRUE FOR ALL
BODIES? POES T WoRK £oR
'TH\S SLEEPWNaG Do&a?

STRAIGHT LINE.

'\‘\-\Eow A STONE
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Do lS AN
LNING THmNG

7T AN THNK !

\3\&

Ck! SoYou ARE SHYING NEWTONG LANS
AQRE NOT APRUCABLE -TO DO&S. “TAKE out
YoUuR PHMSILS TBEXT Rook. READ OUT

Y EVERY BobDy AT REST

WHICH \S AT ReSTS..”

ENGUGY .. ENOUGH. —TAE OUT YoUR PENS
AND MAKE A (oRRe CrioN - WNSTEAD oF

RBeoY WHICH \S NOT AToG AND

"NMAKE T EVERY




SOUENY FoR
PRoMonoN oF
DoGISH WELTARY

A | THAT DoG DEESNT WANT Us
O EXPERMMENT WiTh HER | WE
Witk MSE You AS ’"‘," EXANBLE |

VETAY \WAS
TIRST AT REST

NEWTON gavg
{| HE ANT MovE
W\!F THERE IS No




]

\

NOW WHAT
SO MoNE PRoM | | WAS THE FORCE
HERE ToHERE) | | ON ME?

NO ONE

O Ve

TO MovE!

NYOuUR MIND TOLD

o To MOVE, THATS
WHY You MovED!

<o WY MUND «
\S THE EXTERNAL TORCE
MONING NE . BUT \SMY MIND
EXTERNAL OR \NTERNAL TO ME?
“THE LAW REAKUIRES AN EXTERNAL
TORCE . S0 HOW AN MIND-WHiCH
'S \NTERNAL O ME-MAKE WME
MOVE 2 Alge WE WANT A FORCE’
DO You REALY THiNk ™ MY A¢e

NG Yoo 1S A FORCE? SUPPOSE
\ ASK You  AND Y ou

DoNT MNE?




So,EVEN N THE
 SIMPLEST (ACGE OF Boby AT REST
RENMNG AT RECT' WE ANl SEE ThAT
NEWTONS FIRCT LAW |NGT 4o ORVIOUS. SO,
MNE  AND WhY DD | MOVE?
1S NEWTONES AW REALLY
APPLICARLE TO puMaN BEINAS AND DOGS?
IF So WHAT ARE THE Forces? ARE They
REALL BXTERNALY “THESE ARE DESP
CUESTIONS,

REY, \F You waNT o Piex
HOLES 1N NEWTONG | Awg,
N THERE (¢ ONE MRESZ o
EXERTING A FoR(E oy N
T\'\-\Q BiG STONE AND &

T REMAING AT Qgg-/ STILL. \\\\\“ \ \\\\\\\\k\

{LIU

o e “\ Wil
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Chapter 1: Section B

What is your reaction when | slap you ?

To satisfactorily answer why the dog can walk and what the forces on the dog really are, we
will need to understand Newton’s 3¢ Law. One usually presumes that one can understand
these three laws in order - first law first, then the second law and then the third law. But this
is not true. The three laws form one single package. You need the third law in order fully
understand the first law and you need the first law to completely understand the second law.
These laws are one integrated whole - they form a framework for understanding motion. To
get at this framework we will have to go back and forth between these three laws several
times. So in this section we will now jump to the Third Law. Once we geta fair understanding
of the third law, we will then come back in the final section to explain why the dog can walk.

The third law says that for every action there is an equal and opposite reaction. Most people
understand this to mean “if something happens, it will cause something else.” Since this
statement looks so simple, this is one of the few laws everyone remembers even many years
after school. Stating this law is easy. But getting at its real meaning is not that trivial. A deep
understanding of this law is essential to understanding Newton’s framework for motion.

This section looks at the meaning of Action and Reaction. We start with a simple case of a
student being slapped and ask what is the reaction. We see that things like pain, crying,
slapping back etc cannot be the reactions we want. Finally we arrive at the idea that in
physics, Actions and Reactions are just forces - not ‘doings’.

Another common confusion is between the ideas - ‘pushing’ and ‘moving’. Getting the
difference between them is the key to understanding the third law. Once we make this
distinction, we move on to quantifying the amount of force and see that to exert a force we
need something that will resist our application of force. This then is the observation that
Newton states as his third law. Having understood this, the reader is then led to the resolution

of the slapping example.
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NOW, WE.
ALY 'JQ\'H\RD
N
NEWT(\)_AN

LTS ger oN
WITH UNDERETANDING CR RATHER
(ONPUSING NBEWTONS THRD | AW

AN SOMEONE
STATE THE THRD
. LAWN?

&' -

VoY,




EXCELLENT! NOW ¢OME HERE
RAMYA . | AM goNG To SLap
You, DoNT WORRY- ONLY

WHAT \F | SLaP
RAMYA HARDER?

CAL WHAT IS THE REACTON?

?FTER A LOT OF Copx\NG
RAMYA SLAPS ME/




BAC

YES - ANGER AND
POSSIBLY SPANE AND GTHER
EMoTIoNS. WE WILL ¢ LuB

\
ACTON  REACTION
SLAPPNG '\:h‘é‘éNF):&
PAN INCwEEK
AN 1IN BamD

S OUND
CRY\W&

=i
Bk

>

YOU HAVE A WHOLE LoT OF

S REACTIONS AND THE ACTION Al
/7 LISTED HERE. THEY ARE Al
REACTIONS - AGREED? NEWTONS
LAW SAYS FOR EVERY ACToN
TTHERE IS AN E@uwAL. AND
OPPOSTE  REACHON, Now
TELL ME HOoW 18 cRvYING

¢ E®ualL AND OPPOSITE O
SLAPPING ?

THE HARDER You SLAP

‘% “THE MORE SKHE

WILL (RY,



BUT RAMYA WONT ¢RY THE SAME
EVERYTIME 1 SLAP HER THE SAME WWY.
IN FRONT oF TWE CLASS | SpE DI
NOT BEVEN CRY., BUT IF | SLAPPED

HER WHEN SYE \S ALONE, MAYRE
SHE WOMLD pnaVE, AND \F\ ScounD
HER AND "™MEN S AP, SHE WILL

CRY A LOT. So ¢RYING canNT ge
EQuAL TO SLAPPINA ALWAYS,

MUST BE THE
REACTION - AND
\T 1S EGMAL AND

TO SAY “CRY\NG I EQUAL TO SLAPP\NC:
WHEN (AN WE SAY TWO THNGS ARE
EQualL? ONLY WHEN THEY ARE

CF THE SAME —TVPE - \SNT

CRYING ER TURNING FACE 'S NOT
LIKE SLAPPING. <o HOW ¢AN [T
BE EQuall?

QOOD To SEE HUMANS
SLAPPING EALR OTHER




Ok. BUT |F YOUR MOTHER OR TEACHER SLAPS
Vo, WILL You SLAP BALK? WHAT IF A FRIEND
SLAR You? SOMETIMES You SLAP BAXK. SOME
STIMES You DONT. 40, SHALLWE CANGE WEWONS
TRIRD LAW? CHANGE THE SENTENCE IN YOUR

BookS - WSTEAD oF “FoR EVERY ACTION THERE
1S ALWAYS EQUAL AND CPPOCITE REACTION
MAVE [T FoR EVERY ACTION THERE 'S SOME

STIMES AN EQUAL AND OPPOSITE  REACTION,

WwOR 1S NEWTON
SayNa T \F You
ZLAP ME TODAY,
SOMETIME TODAY,
TOMORROW OR

NTLEAST IN My - 4
NEYT LI\FE, \WiLL

DEFINTTELY S| AP

O, ENOLGH TOKES . NOW WE ALL KNOW WE (ANNCT
CHANGE WEWTONS LAWS, LETS TRY TO UNDER
STAND THE QUESTION AGAIN. | HAVE WRITTEN

ALL THESE THINGS ON THE RoARD., ARE THEY

ALL REACTIONS? 1S ANGER A REACTION?
\E SoMEONE (S ANERY DoNT You SAY
“HE S REACTING TO BEING. SLAPPED? \F
ANGER 1S REAcTNG TO s T NoT
A REACTION 2
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ALL THESE ARE
REACTIONS - BUT oNLY X
ONE OF THEM \S NEWTONS S
REACTION, THE PAN FELT §
RY THE CHEEK. ONLY

RIS HAPPENS ALWAYS,

NEWTONS | AW
SAYS THAT THE —TOTAL
EMOTION FELT BY RAMYA
\S THE EMOTION WITH WHICH
You SLAPPED,

BOH THESE ARE VERY \NTERESTING |DEAS.
WE  SHOULD UNDERSTAND THESE BETTER. THE
SECoND \DEA POINTS OUT —THAT SoMEWHERE
DEEP WITHN u$ WE BELIEVE “TRAT THERE (<
A'NET OR TOTAL REACTION’ WHCH \$ EQUAL
AND OPPOSITE. . THE FIRST IDEA THINKS \N
TERMS &F SEVERAL REACTIONS - oNE oF
WHOH CAN SATISRY NEWTONS LAW \N EACH
(ASE.

THINK oF MY feKING YOUR
EYE WITH THE SAME AMOUNT
OF ACTION’ AS MY GLAPRING
YouR cnEEK. WHEN S BN
YOUR REBACTION MOREZ

\

WHEN PoriNG
My BVE/




WHEN | POKE YOUR EYE
EVEN THE ‘TOTAL REACTION’
OR TOUTAL EMOTION' IS MORE.

SIMILARLY THE PAN \N THE
EYE & MUCLH MORE, BUT MY
ACTION REMAINS THE SAME,




LETS PROBE A LITTLE MORE
 INTO WHAT ACON AND REACTION
ARE. WHAT 15 ACTION? WHAT IS,

7\ FOR EXAMPLE | AN ACTION
OVIE?

A MOVIE WITH A

LOT OF RAHTING AND
CHAGING LIKE A
JACKE CnAN

“\Awuel

CK. So &WE ME AN
EXAMPLE oF A

ReEACTION

We have to be careful when we use these words. The everyday usage of the word Action, is
not what Newton meant. In Physics, we use words in special ways. By Action, Newton
meant Force. (See Newton’s Original Principia in the Appendix). Newton’s Real Law is
Force exerted by one body on another is equal and opposite to force exerted by the second
body on the first. The words action and reaction sound nice...
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BUT IT 1S A BAD UWAGE
AND VERY CONFUSING

WE SHoulD THINK CF
 ACTIONAS BEINA FORCE
-NOT ‘DoING’, THE WORD
RAS A DIFFERENT AND

SPEQ4AL. MEANWNG
IN - PRy SIes /

OK, <o
WHAT |S FORCE,

WHAT \F | PRESS LL SHE 1S cLEARLY NOT
VOUR HEAD ACCE\ ERQATING. NOT
L\KE THIS? EVEN MANING. SD IS 1T
LIKE NO FORCE?

THE
TWO FoRCES
AN CEL!

Do THEY REALLY?
Do You FEEL THE

SAME WHEN |\ EXERV FORCE
AND WHEN \ DONT?
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SO TWO EQUAL AND oPPOSTE FORCES DoNT
ALWAYS CANCE L. \TIS NOT THE SAME A, ZERO
FORLES, TWO FORLES ONLY CANCEL \F vou
WANT TO Look AT NET MOTION.  AND FoRcgs
AN Do OTHER THINGS APART FRoM MoviNG
THINGS, \F You EXERT FoRCES o©NASPRING
ST WONT NECESSARILY MAKE \T MoVE. 1T \WiLy
COMPRESS TTHE SPRING INSTBAD.FORCES AN
Do MANY THINGS - MOVWNG IS JuST oNE &

OX. FORCE \S
SINPLY A PUSH

(OME ON - PUSH HARDER
O ENOUGH. You KNowW
How Muod You BUSHED.

\

OK ENGUGH . oW
TUSH THE AR N FRONT
OF You WITH TTHE SAME




1S T THE SAME AMOUNT
VOOV ARE PUSHING?

HOW DO WE
KNOW HOW MUCH

WE HAVE PUSHED?

CANYOU PUSH THAT LAMP PosT? )

REMEMBER THERE ARE TWO
WORDS WE USE ALMOST INTER
CRANGEARLY . N AN YOU MOVE THE
LAMP POST'\S ONE. ‘caN You PusSh
THE LAMP poST’ 16 A DIFFERENT

ONE . WHICH ONE ¢aANT YOU Db 2Z

exl WE CAN PuSH !

WE CANT MoVE TTHE
LAMP posr !




~ Somewhere in our minds we confuse two ideas (and two words) because
they seem related and often happen together. PUSH and MOVE are classic
examples. In science and particularly in Physics, we have to be careful
about our own ideas. Physics is not about learning other people’s ideas - it
really is about questioning your own ideas and understanding them better.

Remember to keep this distinction in mind about the difference between
push and.move. PUSH is what you do. MOVE is what it does. It moves
because you push - not the other way around. This mixing of ideas in your
head will keep cropping up again and again and you will have to patiently
think through and separate the two ideas.

%o LETY @o BALK TO \J EVENIF YOU can
MY QUESTION - CAN You [REa Ter Yok
PUSH THAT LAMP POST? i QOA

2, Qe MoVE.?r

AN You RUSHTHE y
EARTS DOWNWARD-VERY)

| ) A TE Lae posT
a4 W\'\'\‘\"’W'E SANE
/{( ’~.___' FWCE?

Nl

N
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CANYOU Push AR -
WITH THE SAME FORCE?

SEE/! WE ARE puSing
THE SAME  AMounNT/

How DO You KNow
You ARE EXERIING
THE SAME FoRCE?




You ARE CONTFUSING MevING VERY FagT
WITH PUSHING VERY HARD! SEPARATE THE
TWO \PEAS IN YOUR HEAD. - MOVING AND
PUSHING ARE TWO DIFFERENT TRINGS.
YOUR SHOWDER MUSCLES ARE EXERTING
A LOT OF FORCE ON YOUR HAND TO MAKE
|T MOVE FAST, THATY NOT WHAT | AM ASKING
\WANT T KNOW HoW MU FORCE YouR
PALM EXERTS ON AR AND ONTTHE EARTHY

AN

{

FORCE oN BEARTH \S MORE

‘ OK.LETS TRY THS. PUT YOUR
AND ONAIR WE ¢ANT EMERT,

HAND IN FRONT oF ME. | AM
GONG TOTRY TO HIT Your HAND!

WYY CAN'T Yo
EXERT ANY FoRE?

SO WRHY ARE You

ABLE 0 EXERY foRcE
ON THE BARTH?

FORLE oN YOUR HAND?

\)

NOW | WILL. DO
ITAGAWN/

WKLY REMOVE
YouR HAND

>4




WHAT FcRCE DID |

TRATS EXALTLY THE PoINT/
| LAN EXERT A FORCE ON YouRrR
HAND ONLY IF You GOP ME -
\F You RESST ME. THE EARTH
RESKKTS MY MOVING DowN AND
THERE FORE | EXERT A FORCE ON T
YOUR HAND TRIES TO STOP ME. S0\
EXERT A FORCE oN \T. MY ABILITY
TO EXERT A FORCE AN You COMES
FROM VYoUR RESISTANCE

THE STONE EXERTED

A FORCE oN You
RBECAUSE You BLEERED

G

A FORLE ©N TE 3 o
\Q_,)/ ey
\ ( ®’1 ‘ ‘kﬁ

How Mued

— FORCE <aN)

- EXERT 7 )

Q% ) &
HoWEVER = J
Ly T™E e .S

M%ES\s-S\—/'aNLE
/ \5 0 .
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Exactly! That is what Newton’s Third Law says. | can exert a force on you only because you
resist me - you are trying to stop me or are refusing to move easily. Your resistance is again
just another force - a force you exert on me. It is important to note that your resistance is what
allows me to exert my force in the first place. Your resistance force is always equal to my
force. My force is on you and your force (resistance) is on me. Resistance (or Reaction) is not
because of Action. Action does not cause Reaction. If there was no Reaction (Resistance), |
could not have exerted any Action (Force). So if anything, you should think of Reaction as
allowing Action and not think of Action as causing Reaction. The fact is the neither Action
nor Reaction is possible without the other. They both happen together - at the same time. If
one increases, so does the other. Neither is the result of the other. There is no cause and

effect relationship between Action and Reaction.

Please understand that we have NOT PROVED the third law. Our aim here is just to make
sense of this law - to show that it really talks about what happens in the world around us.
There is no proof for the third law. Itis justa generalized statement made on the basis of alot

of observations of things around us.

ARL AN PUSH THE WALL

ONLN REAUE THE WALL

PUSHES TVE G'RL RALK.
EQuUALLY,

ACToN
EQRuaALS
REACTION

THE MooN PuLLS
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Summary so far

=In Daily Language Action and Reaction refer to things happening. Reaction is
something that happens because of some Action.

=In Physics, by Action and Reaction we just mean Forces, not ‘Doing’.

=>Reaction does not happen because of Action. It happens with Action.

=>Newton’s Third Law Says - My Force on You is possible only because you resist
and you resist by exerting a force on me. If you did not try to resist or stop me, |
could not have exerted any force on you. Atevery instant of time, the force | exert
on you is always equal to the force with which you resist me.

NOW, LETS GET BAUK TO OUR |
S LAPPIN G EXAMPLE SV SLAP RAMYAL
GUMAT 16 ACTION AND WHAT |S REACTION?

eama| oo WE WAVE “HE L\ST ON THE BOARD
B L d \WE WAVE BEEN TRyMNGa So FAR TD
[ CRT ALL THE THNGS THAT HAPPEN
INTO WO SLSTS — ACTION AND_REACTION,
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THERE |$ A STRUCTURAL
PROBL-EM WITH THIS \NE THINK INTERMS ©OF

SHOULD USE THREE S\LoTs, THESE TWREE SLoms
Nov o/ AND TERLL ME, \4

| cRING A REACTION?
1. ACTION WHICH 16 A FORCE .

2. REACTION WHICH 1§ AGAIN
ANCTHER FORCE BY \WHicH
THE CRIECT RESISTS.

2. RECPONSES TO THE ACTIoN
OR REACHON.

RESPNSE 1S THE ThiNg

THAT HAPPENS BECAUSE OF

AcrieN (R REACTION),

41
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THATS RIGHT. RESPONSES CAN

WHAT ABOUT,
TURNING HER ALSO BE ACTONS (FORCESD, RQESPONSE
FALE? To A RESPONSE 1S STLu A RESPONSE

WE AN <LuB T WITH RESPONSES, ALL
THE THINGS WE THOUGHT OF AS REACTIOND
EARLER - ARE ACTUALLY RESPONSES,
\WHAT DoBS NEWTONS  THIRD LAW SAY
ABOUT ACTION AND RESPONSE?
ARSOLUTELY NOTHING -WNST A ‘WORD,
THE RESPONSE ¢aN BE ANYTHWG AND
EVERYTHMNG. ALL NEWTON SAYS 1S THE
ReACTON (OR RES\STANCE ) \S ERUAL TO
THE fFoRee EXERTED ON RANYA'S
CHEEK. ‘

AGAN
A RESPONSE /

HAT ARCUT )
SLAPPING RAK?

T1% ANGTHER ACnoN
AG A RESPONGE TO THE
PN, Wiin 1S A RES
_poNSE TO THE SLAP.
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SO WHAT 1S
THE ACTION AND
WHAT 1S THE AcTuAaL

ACTION \S
SLAPPING AND

REACTION (S PAN
N YOUR HAND,

In physics Slapping is not “action”. In ordinary language doing is action and slapping is doing.
But in physics action means force - not the doing. The action we want in physics is “the force
my hand exerts on Ramya'’s cheek when | slap”.

Action is not the slapping itself - it is only the force on her cheek by my hand. Similarly the
reaction is the force her cheek exerts on my hand. My hand’s pain is a response to this force
- but it is not the reaction. Reaction is again just a force.

Remember !

Force always come with prefixes and suffixes. Don’t ever talk of “the force” all by itself.
Always say “Force on A by B”. Force on Ramya’s cheek by my hand. The reaction is always
the interchange of B and A. Force on my hand by Ramya’s cheek. These two are always
equal, always on different bodies and always opposite. That’s Newton’s third law. So the
only reaction in this case is the force Ramya exerts on my hand and that is equal and

opposite to my force on Ramya'’s cheek.
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Tv,AcnoN - REACTION -RESPONSE

L APAN TURNING FAE—>
5 NG PAN N (EER—?
PAIN 1N HAND
é e, oD /l
CR\IINé
\NIRONG' HAND MARKSON BACE

AcToN SLAPP‘Ne‘ RACe
16 FORCE EMOTIONS

BY MY ALL TRE

HAND ON ABNE ARE RESPONSS
HERHEER  NoT ReEACTIONS
THE o©NULq ReacroN) IS
mmy/as cgeex

[+ =

W@’

JHE OTHER <HEEK.

IS \T ALLCLEAR Now?

ESH)

IN THAT CASE ANSWER
THISY | SLAP You AND YOu
SLAP ME - WILL YOU TWNK
OF THS A4 FAR?

NO. SHE SHouLp SHow

WE WILL LEAVE cuT
JESUS FoR THIS <LASS,
TELWLME N REALTY,
WHETRER You WILL —THINK
CF HER SLAPANG ME




BUT WHAT IF | ARGUE THAT WHEN | SLAPPED You, YOUR

e oy ol Wi AN BRuAL FORCE - 26 WE
LREADY EVEN, WA Do You HAVE

TO WMAKE THNAS EVEN? ° e e

BUT THATS WHAT
You TUST AGREED / FORCE
ON CHEEK RBY HAND \& EQRUAL
TO THE FORCE ON BAND BY CHEEK,
MY PCRLE 1S EQUAL TO uep

FORCE \S EGuUaL

That’s right.

The criteria we use

for fairness is not equal force

but equal response (pain). The question

is really about measure of force. What do we use

to measure the quantity of force? Often people use pain or

distance moved (as on the carom board) as the measure of how much force one has

exerted. This can be tricky. Pain or response to a force is not always a good measure

of force. In this example, pain felt by my hand is much less than the pain felt by your

cheek. But the force exerted by my hand on your cheek is equal to the force exerted

by your cheek on my hand. Same force on different objects can produce different

responses. But reaction to the same force is always the same. Now the question is if

pain is not a good measure of force, what is? This is a hard question. We can only

measure force by measuring the response to it. Butto geta fair quantification, different

forces must act on the same body to produce different responses. When forces act on

different bodies and produce different responses - one cannot be sure whether the
difference in response is caused by difference in forces or difference in bodies.
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Chapter 1: Section C

Tug of War

In the previous section we saw what Newton's third law really says. In this section, we will
apply it to a tug of war situation.

Often students believe that since action and reaction are always equal and opposite, they
must always cancel. It is easy to say that Action and Reaction are on different bodies and
therefore cannot cancel. But just saying this doesn’t help students internalize this idea. In
this section, we look at a number of examples to overcome this mental block. When an
object is not moving, we know that somehow the net force on the object must be zero. The
tricky job is finding how. To do this one needs to find all the forces on the object and then see
how they together cancel. When I pull you, and you don’t move - two forces on you must be
canceling. We show that they cannot be my pull on you and your pull on me. What then are
the forces that do cancel? That’s what we will try to answer in this section.

Starting with this simple example, we move on to understanding the framework for Newton’s
Laws. We look at Newton’s Zeroth, Halfth and Three-fourth Laws. Then we come back to

analyze the tug of war situation.

This section is the hardest to follow - but it is also the most important section in this chapter.
By the end of this section the reader can identify the specific forces in a tug of war. The reader
will also have a clearer understanding of Newton’s third law and particularly its validity even
when things are moving. She will also understand why Action and Reaction can never cancel.
Finally the reader will also get a glimpse of the overall Newtonian framework within which
all these laws make sense.
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OK. NOW LETS TRY

A NEW EXPERQIMENT, AL\
AND NTAY COME HERE!/

, OOPS..
™M SORRY!

TO S4ay SORRV..,
WHY DoESNT WE

AT ANY RATE
\WiLL RE




o

IF SOMETHING
{ % N(cAN o WRONG,
\TWiLL.

A e e

PULL BACK STHER LIKE IN A
TUaG oFF WAR , NoT oo HARD. KEEP

PULLING AND DoNIm MNE, You ARE
THE EXPER\MENT WE WANT,




1% AL\ EXERTING A FoRCE

WHY 1S HE
NET MoVING?

: = So You SAY
)y '1_;(&0 ARE NeoT MowNé
BECAUSE EY BXERT EQUAL AND
e T R S
EQUAL. AND ovp«:&n%»; ARE

OW, VIKRAM
PULL HARD AND
—TOWpRYS

oL AW 1O
you!
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\F THE FoRceS BY AL AND

VIKRAM ON EACY STMER ARE
EQVAL ;WHY DID AL\ VAOVE?

NowW THEY ARE NoT
EQUAL |

BUT \F THOSE TWO
FORCES ARE ACTION-REACTION
THEY SHOULD ALWAYS BE

EGQUAL, \SNT 1T

oW CoNFusING !
WHY DOBSNT HE EVER
CONE TO THE PoOINTY

ARE THE TwoO How MANY S8y No
FORCES -THE THEY ARE Nor AcTion
FORCE By ALl | [ TN PAIRSY

ON VIkRAM  AND
FORCE BY VIKRAM
-REACTION BaR? X




THERE 1S AFORCE BY AL oN
VIKRAM, AND You SAY \\kpaMg THE RESQSTANCE BY
FORCE ON AL |S NOT THE REACTON] VIKRAMS HAND S THE

WHAT THEN IS THE REAGTION 1o REACION. BUT VIKRAM

ALE PoRCE &N VIKRAM? PULLING ALl 1S A

% DIFFERENT ACNON FOR
=

WHICH ALY RESISTANCE
|STHE REACTIoN.

-

O \WRAT You ARQE SAYWGA FORCE 1S A PUSH. BUT TO RisH

REALLY 1S THAT THERE ARE THERE MUST Re SoMECONE
TWO ForeES EXERTED BY WHO MUST RE DoiNG THE
VIKRAM AN AL, ONE (& TuE PUSHING. |F \Pusy AND pe
RESISTANCE WHIGH 1S THE PUSHES, WILL vl ResPonp
REACTION AND THEREFORE THE SWMEwAY ?

EQUAL AND OPPOSITE TO ALl
FORCE ON \)\KQA:-V\ .AND THE
STHER 1§ MKRAMS PULL. ON WHAT |7 WE
ALV TTHIS IS AVERY IMPORTANT | | BRom Pusw

\DEA. AND ITISWRDNG, 1T 1S EQuan-
IMPERTANT  TO UNTER STAND WHAT, WE WILLRES PoND

\S WRONG \With THiE,

No, HE MAY
TUSH HARDER.




//*mf

We assume that an object responds equally to equal force. This is a very fundamental
assumption in physics - that how you respond depends only on the force on you. This is not
at all obvious. If your friend slaps you and your mother slaps you - even if they slap with the
same force you respond differently. We respond differently to the same action by different
people. So this assumption is not at all an obvious assumption to make. But we still make it
and it is very fundamental to all of our physics. Let’s spend a short while on this point...

Why do we respond differently to different people slapping ? Apart from the force of the slap
- there is also the knowledge of who slapped. Suppose you are blind folded and you don't
know - even then you can respond differently to the same slap depending on your mood. But
then we can say your mood is changing you. After a number of such refinements, we finally
come to a stage where you don’t change, don’t have any other knowledge. Then we assume
that you will respond the same way to the same force. This makes sense easily for in-animate
things, but we also assume this true for living beings.

Why is this so fundamental an assumption? Because without this - Force has no meaning.
Every time | say there is a force on you, | have to worry about whether this force was because
of me, because of your mother, the earth, moon etc. What you will do will depend not only
on the force but also on who gave you the force. If all the time | have to remember what
caused the force, then what is the point of ‘force’? We might as well talk of mother pushing,
earth pulling etc. The following is very critical for physics - so fundamental that | will call it
Newton’s Zeroth Law. It comes before all other laws.

| DIDNT -
DKE THg | RuT
| ASSUNVED Ting W

| WRote My
Laws !
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It is important to understand what this means. Let’s take two objects A and B. A disturbs B or
actson it. How will B respond ? This is entirely determined by A’s force on B. Once I put this
force on B, A can be removed from the scene - there is no more A as far as B is concerned.
This means B can see the situation in terms of either of the two pictures below...

® (a) ()

B says A is doing somethingto me B says there is no A, just a Force on me
This force is from A, but once the force is
put there, A plays no role.

This picture B cannot see.
Either there is A’s force or there is A - there can’t be both.
Note - A is being replaced by its force.

Physicists often use pictures like this - with both A and F - but that's because they are lazy and
don’t want to draw two pictures. But the truth is it is wrong in principle. F arises because we
want to replace A with F.

This is critical to all Newton's laws - an object exerts one force and that's it. It can do nothing
more. Why are we stuck to the earth ? We can either say “The earth is pulling me down” - or
we can say “I have a force on me” - Both statements are equivalent. Both are alternate
descriptions - but you cannot use both at the same time.

WHAT \F THERE 1¢ A THIRD

OBELT ¢ WHMLH ALSD
EXERTS A FORLE oN R -
C\WILL THAT CMANGE A%

OKAY,"THERE ARE
A FEW CARTOONS, But THS
PART IS SALL SERIOK JUFF

READ caREFULLY/




T: Exactly - that's what we assume. Again in human terms if | am fighting and- | see one
person, | will fight. With two people, | may fight. But if there are three of you - | will run away.
Here the two people’s actions on me are not independent of each other. But this is the
assumption we will make in our physics. The idea is that ‘force’ exerted by a body is independent
of other objects nearby. You have to think very hard about this. It is not at all obvious. The
assumption we make here is another important law... what | will call the ‘half-th’ law...

This means if A exerts a force on B - this force may depend on what B is doing, how B looks,
how far B is, etc and similarly on properties of A. But this force won’t change just because C
has come near it. This is very critical even in the zeroth law. If A’s action on B changes
because of C, then | can’t really replace A by its force. If the half-th law were not true, then |
can only jointly replace all objects by one force. This would be very messy. Luckily, the half-
th law works. So we can replace each object by its force and then based on all these forces
find out what happens to B.

®
©) ©)

A, C,Dallacton B , A is replaced by
its force on B

&

® X

Then Ciis replaced by its force on B D is also replaced.
. B response depends only
on these three forces
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The above step-by-step process is possible only because the each particle acts independently.
This does not mean the response of B does not depend on C and D - it does. But the Action

(force) on B because of A does not change. B responds not just to this force but rather to the
resultant of all the forces on it.

This is a bit tricky to understand - you will have to think very carefully about this to understand
what this means. B’s response changes because of other fellows around - but A’s action or

force on B does not. This is what allows us to get rid of each object one by one and replace
by its force. , «

There is one more law - Newton'’s three-fourth law. | promise that is the last law before we
go on to our usual first, second and third laws! This law tells us what to do when we have

many forces.
~ S

PO Yor REMEMRER
EARLIER WE <AW THAT TWO
——— ERUAL  AND OPPCé('\'E ToRcES
PTG NOT THE  SAVE A% ZERD FORCE ;
N N

t

WHEN | PRESSED RAMYAS WEAD

_JJUFRoM ot SiDES? Q
( | .

\ CRIECE, LIKE RaMAS HEAD
NEED NoT  AD UP TO oNE
FORLE ©OR CANCEL EACH 6STHER,
BuT NEWTONg “TMREE FouRm
AN SAYS THEY DO FoR
VERY SMALL PARTCLES,




Many times we can think of big objects which cannot feel pain, twist, change shape, compress
etc as particles - in that case this three-fourth law will apply to those objects as well.

Now that we know these three laws, let’s quickly go over the basis for the Newton's framework
for mechanics. .

Newton wanted to study motion of objects - quantitatively. But the real world is very complex

- too many confusing things. When you take real objects and begin to quantify, there are so
many factors that it becomes even difficult to start the quantification process.

So Newton came up with an idea. He selected a few relevant factors and created idealized
objects. Whether it is an ant or an elephant - he decided to call it ‘body’.

WHAT Do You
MEAN BY |DEALZED
ORTECTS ?

T S SoMETHING
You M WAMS HANE

BEEN DoOING.WHEN You

SAY ELEPHANT, You ARE
ActunLLyY REFERING O

WHEN You SAM
THAT \$S AN EVEPrbaNT
WHAT Do You WEANT You
ARE LINKING THE REAL THING
THERE WITH A MENTAL PICFUR
oF AW \DEAL ELE PHANT, The
\DEAL ELEPHANT Al Foulk

B\G LEAS, ONE LoNG "TRUNIK,
TWo EYES, TWO FLAPPY BARS/
TUGSKES AND ATAL, AND
s ®a/
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PROLESS oF \DEALVZING |
IO UNDERSTAND SCNETRHING

WE AWAYS DO WS, IT ¥
HELPS US GET A PICTURE

CAN ADD WMCRE COMPLEXIIES
“LIKE THAT ELEPHANT WAL

Newton’s aim was studying motion. So his ideal body could only do two things - be at rest or
be in motion. Real bodies do other things - they shake, they are of varying sizes, they may
never be at rest. But all this was not fundamental as far as Newton was-concerned. In his
ideal world, they did not exist. Now the point is not whether Newton make such simplifications
- the real point is whether by doing all this, he can predict the motion of real objects around

us.

A BOY IS N TwWo &TATES
ONLY - REST oR MovloN.,

A Boby CHANGE
srAare /

CHANGE OF STATE
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TWATS NOU FAR/
LANT  AaWE c\Reu-AR
AN SWERS!

AP You, MusT
UNDERSTAND THAT WE ARE
7 ONSTRULTING A NODEL . BY DEFINING
\DEAL ORTECTS  AND WVUENTING  CONCEPTS
LIKE FORLE, \AM &OING TO SEE \F ) ¢AN
FIND SOME LAWS AND RELATIONSHPS. ™MY wCoPE

1©, THAT WM THESE LAWS | CAN PREDICT WRAL
\DEAWZED BODES DO

L BUT \WANT o KNow w HaT
PAPPENS T© REAL BomeS. NOT To SoME

£TUPID. \DEMASED BoDES!

WELL/ THATS WkaAT
TAM HOPING TO Do AS WELL.
HE WMcTon OF THESE
(DEALYZED BODES | AM
WoPNG WL Al PREDCT
ACLIRATE LY ww:;' REAL

| AM NoT
SURE. ONE HAS TO
PRED\CT AND SEE.

© ((BUT Yow ARE
You SURE NYouR PRE DICToN
WILL  WORK  FoR US? WE DONT )
Look. LIKE YDOUR
\DEAL\ Z &MoN,

HANE EXPER\MENTALLY
TESED ™S McEL TO
SEE \F T WORKS Wit
REAL cBgECTS.




One has to understand this process of model building. We do this all the time in science.
Reality is very difficult to study directly - too many parameters and factors to worry about. So
we construct a simplified model. In this model we choose what are the relevant factors and
what are not. This way we can deal with just a few factors and play around with these, make

up laws and try to predict what will happen.

Our model may be abad one. What is predicted for the ideal case may be very far from what
really happens. Then we dump the model and build a new one. On the other hand our
model may work very well - then we keep it and use it to predict the real world.

Newton created such a model for the real world. In his model, bodies have one significant
character called mass. (The rest of the stuff is added in later - but they are less important than
this “mass”). Bodies are in two states - either at rest or are moving. In Newton’s model forces
do the job of changing the state of a body. (Bodies may be in different motion states - but this
is a just straight forward extension, so we will not worry about that now). What exactly is
force is not very clear - for all practical purpose it is that which changes the state of the object.
To make a moving object come to rest or to get an object at rest moving, you need force.

In addition Newton’s model assumes a number of things about this force - these are what we
stated in the zeroth, halfth and three-fourth laws. We have a lot of objects ‘influencing’ another
object. Each of these objects can be removed and replaced by a corresponding force. What
this force is depends on that influencing object and the influenced object. Other objects
nearby are silent - they don’t change this force. After we get all the forces, we would have
replaced all the influencing objects. We are now left with just one object and forces on it.
Then we can convert all these forces (if the object is like a particle) into one single force using
a procedure called vector addition. This is the way in which all actual physical situations can
be broken down into a case of one particle like object with one force on it.

All these ideas together with Newton’s 3 laws of motion form the basis for Newton’s model.
We need to understand what this model is all about and then we need to use this model to
predict what happens in different cases. If Newton’s model is a good one, it should be able
to explain the real world reasonably well. This is what Newtonian Mechanics aims to do.
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R
You MuST™ BE
TTHNKING  WHAT A Fugs
LeTE &o BATD
NWKRAM AND

_(HE SAD VIKRAM | —
EXERTS TWO FOReES ON
ALy — ONE S REACT(ON

\WRAM ¢ ANNOT EXERT TWO FORCES. HE CAN EXERT

ONLY ONE, AFTER EXERT\WG THS THERE 1S No MORE

VIKRAM A5 FAR AL ALl IS (oNCERNED. So IF HE 1S Nor

THERE HowW can BE ExeRT A SECOND FoRcE? So

THIS 1S NOT RIGHT. So WHAT S “THE REACTION 10
ALVS PULL ©oN V\kRAM P




ONE FORCE BY VIKRAM
ON An THREN THE REACTION

W& THERE 1S ONLY

S
B LAW SAYE TTRAT
o6 O BE EQUAL

AL ALYS  PULL ON \NKRAM, TTHEN ¢

CWONT  THEY ALWAYS CANCEL?
THEN HOW DID \IKRAM PULL. /

AL\ TOWARDS WIM7?

\SSUE . LET ME REMWND
you !

First - Vikram and Ali pulled and they did not move.= You said it was because their forces
were equal and cancelled. = | asked why they were equal - you said Newton's third
law.. © Then Vikram pulled Ali towards him. = | asked if again the forces cancel -
you all said no. = But Newton says for each Action there is equal Reaction. So what is
the reaction to Vikram's pull? = You said - there are two forces from Ali - one is the
reaction and the other is the pull. We saw that is not possible. There is only one force. So
the only possible reaction seems to be Ali's pull. = Now - Newton says these two are
equal. Then as you said earlier they should cancel always - which means Vikram can
never-pull Ali towards him. But he just did! = Something is wrong - what is it!
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WHEN THEY ARE MOVING, VIKRAMY
FORCE |S MORE THAN AL('S FORE.

20 YOU ARE SAYING NEWTONS
“THMRD LAW 1S TRUE LY IFTHE
ORI ELTS ARE NOT MOVING,

YES

ZwALL WE CHANGE THE LAW

THENZ... WRTE PowWN... "FcR EVERY

ACTION WHEN THNGS ARE NOTMOVING,

THERE 1$ AN EGQUAL AND ePPOSITE REACTON'

YOou CANT WRITE THAT IN THE BEYAM,
C AN ou “

Ho \S THE STRONGEST
W THWE CLAS?




LETS SEE. Bo™ oF You START PuLLiNG. BUT
VIKRAM, YoUu SHOUD KEEP YoUR LEGS ToGQETHER.
NCF APART LKE YOU ARE WKEEPING MNOW. YES -LIKE
THAT AND KEEP YOUR RoDY STRAIGHT - DoNT BEND
\T BACKWARDS Ok Now  PunL..

\ \

YJAY wWiro \SWEAKER)
FULLS VIKRAM EAG LY




WHO ASKED VIKRAMTO BALANCEY | OK, SERQIOUSLY. WHY WAS
| ONLY ASKED HM To PuULL! VIKRAM NOT ABLE T PULL
AND WE LT, S0 SHALL WE | | HARDS WHAT BAS Eoor eoT
SAY VIKRAM 1S WERKER THAN | | T2 PO WITH HAND PULLING?
VIR WAHO \S TWE WENEST | [LETS SEEB WoW | PULL VIKRAM.
LOOK AT MY LE&S. HOW ARE
| THEY PLacED?

— ONE LEG S | | WITH WHICH
FoRWARD. \.E& AM)
AND ANCTHER| | PUSHING

| BEWND. MORE 2

FQON-}' ©OK NOW ALLOF
YO STAND P
AND PuLL N

\



THE STUTDENTS COME OUT, PULL
EALH OTHER AND HANE ALoT OF FUN..

NOW "THE REST &F You
QO AND SITDoWN. You

Bolh CoNTINUE O pPulL..

~)

22N You FEEL YOUR
| G

— AS YOU AR
PULLING LIFT YoUR

BALK LEA ANAY FrRoM
THE GRounNpP

——

J

m

[Now PuTvouR BAK LEG

PownN AND LIiFT
FRONT LEa...\ YouR




4

WHY 16 RAMYA Narx\(r\or TUSTTHAT. IT \$ THE
ABLE TO LIFT HER FRONT 77 FRONT LEG \W\TH WHICH
SHE \S PUSHINGTHE GROUND
- SO THAT RAJ1 DCES NoT
RILL HER AWAY. \F RAMYA
LIFTS BER FRONT LEG
SHE STARTS MDVNG
TOWARDS RAT\. LETS
(INDER STAND THHS

W MORE TETA\L.

LEG7?




THE FORCE WITH WHCH RaMmya RULLS ATV ANDTHE
FORCE WITH RAT\ PULLS RaMYA FoRM AN ACTION REACTION
PAIR. THAT IS HOW TTALWAYS . FoRLE ON A BY B 1S EQUAL
AND CPPOSI\TE O FORLE ONB BY A - ALWAYS \T
DOES NOT MATTER WHETHER TTHEY ARE MVING, STATIONARY
ETc.

RAVIYA'S FORCE S ON RAJ\, RATIS FORCE 1S ON RAMVYA,
ONLY TWO FoRLES ONME AN CANCEL. A FORCE BY

ME CANNCT CANCEL WITH A FORLE ON ME. TTHINK
AROUT T FORCE \S NOT LIKE MONEY - MOoNEY oWED
By you AN owep To Yo CAN CANCEL. BUT FoRCE
GWEN’ DOES NOT CANCEL WITH FORCE RECEWED. ONLY TWO
FoRES ‘RECEIVED- ONE OPPOSITE TO THE OTHER - CAN

CANCEL. THIS |$ ANERY IMPORTANT \DEA -TD INTERNALZE.
ALTION REACTON PARS CAN NEVER CANCEL!

So \F ACTION
REACTION ZanNOT
CANCEL ,WHY S

RAMYA NOT MoNING
WHEN RAT\

&%




THAT 1S BECAUSE THERE MUST BE ANCTHER
FORLE ON RAMYA -THIS \S WHERE HER
LEG COMES \NTO PLAY. RamvyvA BENDSHER
LEG AND WITH HER FRONT LEG PULHES
THE GROUND. THE GROUND PUSHES HER
BALK. TTHESE TWO ARE ACTION REACTION
_AND DONT CANCEL. BUT RATIS PuLL ON
RAMYA AND “THME GRoOUNDE PUSH ONRAMYA
ARE TWO FORCES ON RAMYA. THEY CAN
AND DO CANCEL. “THAT'S ‘WHY RAMYA
DOES NOT Move /

RATI PullS RaMY RAMYA pULLS RATY
ﬁm
. 3 S -

AROUNDE
PugH ON
RATY

’ ~ &
RN Gkound F5 F4 RATIS PuSh oN GRouni

IT 1S NOT RATIS PULL ON RAMYA AND RAMYAS PULL ON

RAT\ THAT ZANLEL, 1T IS RATVS PulL ON RAMYA AND

THE &ROUNDS PuUSH ON RAMYA <ANCELLING EAn

OTHER. “TRATS WHY RAMYA DoES NOT MoNE. és




NOW LETS L ook, AT TRE \ [ RAMYAL Pugwk o

VARIOUS ACTION-REACTION | | GROUND ANSD @p‘;\}'ﬁ& PuUSH
PAIRS \N TRIS CAGE. THEREY ON RAMYA 1S ONE. RATYS
ARE THREE SUCH PAIRS BERE. ) PUSH ONTHE GROUND ANDTHE
SWHAT ARE THEY? &ROUND'S PUSH ON RATIIS
ANOCTHER. AND RAMYAS PuLL
SN RANN AND RATVS PULL oN
RAMYA 16 THIRD,

PERFECT. 40 WE HAVE 3 DIFFERENT ACTION-REACTION
PAIRS. THE FORCES IN BALH PAIR ARE ALWAYS EQUAL
AND cpposiTE . ALwAYS, BUT THEY NEVER ANCEL.
THERE ARE “THREE DIFFERENT OBTECTg — RAMVA, RAT\
AND THE ARODUND | ON RAMYA THERE ARE ONLY 2
FORCES - RATIS PULL AND THE AROUNDS Pusk, THESE
TWO ARE NOT ACTON - REACTION. THEY NEED NoT BE
EQUAL ALWAYS. BUT SOMETIMES THEY (AN BE EQUAL
AND CPPOSITE . WHEN THEY ARE EQUAL AND oPPOSTE,
THEY WILL CANCEL. S0 THE REASON RAMYA (SNOT
MoVIN & 1S BECAUSE, THE Push BY THE  GROUND ON
RAMYA EQUALS (AND \S 6PPOTE TO)
THE PuLL BY RAJI N RAMVA.
THESE ARE THE TWO
“THAT ¢ANCEL..




THE FORCE PARS
THAT ARE EQUAL ARE
Fi=Fy Fa=F4 Fo:oF¢
DOES THIS MEAN, ALL
HAVE To BE EQUAL
TC EACH oTHER?

NO FiAND F,

CAN BES ANDF5ANID™
Fe ANBE 2

RIGHT. .
BUT\S T POSSIBLE
TO HAVE FOUR CF THEM

EQUAL AND &STHER
TWO DIFFERENT,

YES.
= FZ F3 _‘F4__
AND Fs=Fp =11

THATS CORRECT.THE ©NLY
ZONDITMON NEWTONS —THIRD LAW
PLACES \S THAT EACLH ACTIoN
-REACTION PAR HAS BOTH FORLES
EQUAL -THEN NEED NOT RE EQUAL
TO FORCES N OHER AcTION
PEACTION PAIRS. T 1S ALWAYS
EQUAL TD Fa,BUT SOMETIMES

Fi 1S ALSD EQUALTO Fg¢ QWHLH
1S ALWAYS, EQUALTO F5), \WHEN
THAT HAPPENS, RAMYA DOES NOT
MoVE. TF RAMYA MOVES -TOWAR DS
PAT! - THEN \T DOES NOT MEAN

Fi ¢ MOCRE THAN F2. IT MEANS

F1 1% MDRE ThaN Fe. RATIE FORCE
ON RAMYA (¢ MORE THAN &GRAUNDS
FCRCE ON RAMYA, RAMYA 15
UDNARLE ~TD HOLD BALK BY
TUSHING THE AROUND RARD,
ENoUAY - TRATS \WHY THE GROUND
PUSHES WER LESS AND RAdi 1¢
ARBLE TO PULL RAMYA AWAY, ON
THE OTHER HWAND, RAT! AN
EYERT ENCUGH FORCE ONTHWE
AROUND  AND THE GROUND
EXERTS FORCE ON RATI.AND &
RAT! DOES No&T MovE., -

-
\3

R Fi=Fo=F3=F,

2'*\ N\ GREATER ThAN

IN THIS CACE

| AND THEY ARE Au_

FEAND b




NOW LETS DO ANO‘W-\E\Z\
EXPERIMENT. BOTH OF YOU
KEE.P PULLING EACH OTHER.

-7 - WHEN [N N

SUDDENLY LET

. RAMYAS WANDS  /
~ e

7

|
\

~ . -
~ -

[ \aYVES You

<)

BECAUSE RATN

oPPED PULLING
ey — _

T, ™
@ L

’yg K

WHY DID
J RAMYA FALL

7 BAK?

LETS (& /
TRYTO UNDERSTAND ‘
THIS \WITH cUR STRER) )\~
\DEAS | EARNT EARLIER
S —
)




Raji stopped pulling Ramya. So F1 (the force on Ramya) becomes zero. Ramya did not know
Raji is going to stop pulling. Only after Raji’s force stops, Ramya’s hand knows about it and
only after this her hand sends a signal informing her brain that there is not force on her hand.
Then her brain sends another signal to her legs, telling her legs to stop pushing the ground.
Al this takes time. Till then her legs continue pushing and the ground continues pushing her.
During this time there is only one force on Ramya - ground pushing her (F6). F1 has suddenly
become zero. That’s why Ramya falls backward.

S: But if Raji stops pulling Ramya, doesn’t Ramya’s pull on Raji (F2) also become zero at the
same time? Why then doesn’t Raji also fall down?

T: Yes, Ramya’s pull on Raji is always equal to Raji’s pull on Ramya. This means F2 is also
zero. But Raji knows she is going to stop pulling. So her brain tells her legs in advance to stop
reducing her push on the ground and F4 becomes zero. The ground stops pushing Raji (F3 =0).
Earlier, Raji did not move because both non-zero forces (F2 and F3) cancelled each other.
Now, Raji does not move (or fall) because both forces are zero (and therefore the net force is
still zero)!
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WHEN RATIRELEASES WERHAND SLOWLY AND NOT SUDDENLY =THEN
RAMYAS | EA4 GETSTHE MECAGE BEFORE RATVS PULLON HER ZECOMES
ZERC AND WER LE&G REDUCES I8 PUSH AND PREVENTS WER FRoM
FALLING BACK. $0 WHEN RATN DOESTHIS AFTER TELLING RAMYA

OR DOES 1T SLOWLY, RAMYA DOESNT FALL BACLK,

ALL OF You CoME OuT AND PuLL EACH

CTHER —THS TIME CAREFULLY START PULLING
AND SEE HOW YOUR LEAS RESPOND — CAN You
<EE You ARE BXERTING MCORE FoRCE AS
YOUR FRIEND 'S PULLING MORE?

YOUR LEGQS ARE RESPONDINGT® YOUR
BRANSG INSTRUCTION. THE BRAIN GETS A
SIGNAL FROM YOUR HAND AWING INFOR
-MATION  ABOUT THE AMOUNT OF FoRCE
ON T, THE BRAIN “THEN TELLSTHE LEA
TO EXERT ENOUGH FORCE TO SOV
You FRoM FALLING. THIS IS A
CONTINOUS  FEEDRBAK SYETEM, WTHOUT
THIS YOU CANNOT .0 ORTINATE BETWEEN
DIFFERENT PARTS OF YoUR BoDY.




WE CANNOT
USE OUR “Back! LEGS
TO PUSH TOWARDS “THE
TFRONT,

)

THATS RI@HT. \F THE
FLooR 1S SLA\PPERY, DO YoU
SEE WH YOU WL FALL?

PECAVSE
THE FLOOR CANNOT
EXERT ENOUGH FORLE
ONNY LEG-S0 1

CANNCT EXERT ENOUEGH
TORCE oN THE
FLOOR...

RIGHT- 0 \F You PUSH,
YOUR LEG MOVES,You 9.\P
AND FALL. \F You DoNT TRY
TO PUSH THE GROUND, BRAUSE
OF YOUR FRIEND'S PULL.,
Yol MOVE FORWRRD LOSE
RALANE AND FALL. o,

EITHER WAY You FALL..

WHAT WILL HAPPEN \F N DEEP
SPACE RAMYA AND RAT\ PuLL
FACH OTHER?
S—

THERE 15 No FORCE FROM
—THE @aRoLND TO SToP




Chapter 1: Section D

Back to Dog Walking !

This is the last section in this chapter. Armed with a clear understanding of Newton’s third
law, we finally return to tackle the case of the dog walking.

In the previous section, we saw how legs play a critical role in a tug of war. Legs also play a
critical role in walking. Butas is popularly assumed, it is not the force from our legs force that
pushes us forward. That is not an external force. To be able to walk, we need the earth to
push us forward. Itis only by pushing the earth backward, a dog is able to walk.

Newton’s first law works in the dog’s case as well. This means a dog or a human cannot start
walking or moving on their own in deep space. You need to push another object away every
time you want to move. On the earth, the earth itself is a convenient object that we can push
and walk. With this understanding the reader can also understand, why we can stand on an
oily floor, but- when we try to walk, we invariably slip and fall.
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G&o0D. | THINK You ALL AUNDERSTAND TS \DEA AND
HOW THS WORKE VERY WELL. IN ANY 4ITUATON NEWTON'S
24 LAW ONIY TELLS ()G SOME oF THE FoRCES, STHER
THINGS ABOUT THE SITUATION - LIKE HOW HARD YOU ARE
PUSHING ON THE FLOOR-TELLSUS THE REST OF TWE
FORCES AND WHAT S\ZE THEY ARE. ALL THE FoR(ES
N EALH CBRIECT ToGETHER DECIDE Hrow THE oRgECT
SHOULD MOVE. THIS 1S THE BASIC \DEA BEHIND FORCES,
NoW SHALL WE SOLVE THE Doe PROBLEMY?

REMEMBER THE Tré PROREM?
THE SLEEPING DCG WEKE (P AND STARTED WALKING.
Bur THERE WAG No EXTERNAL FoR(E oN IT.
SHALL WE Lotk AT THIS AGAINT

‘ 57
WW&D\N&% —TROW
STONES AT ME AzAIN!

72



Okl THE DOG HAS RUN
AWA | POBSNT MATTER.
LeTE UNDERSTAND  VITAYS

WALKING MSTEAD
VITAY,
PLEASE STARY
- WAWKING !
M

Loo AT VIJAYS PosimMoN- WS
LE@S. HIS BAK LEG |5 PUSHING
THE AROUND BACKWARDS -TRAT {$
WHY T HAS TRIS POSTTION. HIS FRONT
LE& onLY HELPS TO BALANCE,
1S PUSH ON THE &ROUND “MAKES
TRE GROUND PUSH HIM FORWARD.
THERE S A NET EXTERNAL
FORCE ON KM FORWARD-THSIS
WHY HE MOVES FORWARD NEW\'ON'S
IRST LAW 15 NOT VIOLATEDNEWTON'S
FIRST LAW APPLES T LIVING THNGS
FORWARD e ASMUCH A5 TO NON LIVING. THE Do4
P \EEDS A FLOOR TO HELP 1T MOVE.
WITHOUT THE FORCE FROM THE
FLOCR THE DOG CANNOT ME. 73

T™ME &RCOUND BACK.




SO \F THE Doa |$ SLEEPING
IN SPACE, You MEAN [T CANNGT
~ETOP AND MuVE?

\T AN \WAKE UP
BuT VES =T CANNCGT
MONE /

T CAN GET 1P AND SHAKE
ITS LE&S BACK AND FoRTy,

BUT W wiLL REMAWN WHERE
™ WAS- AND WONT MOVE AN |\ WOH{

THS \STHE SAME THING THAT WiLL
HAPPEN oN A SLIPPERY FLOOR,
WAVENT <SoME oF You SEEN
THIS IN cARTTON NOVIES —TOM
AND JERRY -TYPE OF MOVIES?

Newton’s three laws together form one package - you need the third law to completely
understand the first and similarly you need the first law to understand the second and so on.
Itis not as if the first law can be understood first and then the second and then the third. You
need all the laws to understand each of the laws. This co-dependence is not just true of
Newton's laws - it is true of all of science. Every part of science is linked to other parts in
many ways - we cannot understand one part without understanding other parts. We have to
see the three laws as steps in understanding one unified nature. The steps are ours - nature is
one.

Laws like these are very deep. Only by applying them to practical situations and thinking hard
about what they mean can we fully understand them. It is not a question of memorizing them
and repeating them. You have to think about how they apply in many situations to actually
understand what such a simple statement like Action equal Reaction means. This process can
be fun. With this we come to the end of this chapter. Below is a summary of the main ideas
that we have discussed in this chapter.
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Key Ideas in this Lecture

1. Newton’s laws of motion are applicable to all objects - living, non-living, thinking, non-
thinking - all objects.

2. There are two parts to Newton's first law - when the object is at rest and in motion. The
rest part of the law looks obvious - but is really not so. Even in simple cases like the dog
example it takes a lot of thinking and understanding of the third law to understand why it
moves. We have not looked at the bodies in motion yet. We will do this in the next chapter.

3. Whatis Force ? Intuitively - force is a push. But we should be careful not to confuse
pushing with moving - a lot of confusion arises because of this.

4. Action and Reaction are really only forces - Action in Physics is not ‘action’ in ordinary
language. Action is the force exerted by one body on another. Reaction is again force exerted
by the second body on the first. Newton’s third law says these two are equal. We should
think of the situation in terms of 3 words and ideas - Action, Reaction and Response and not
the usual two - Action and Reaction.

5 Action and Reaction are not cause and effect. Without the reaction, there can be no
action - Reaction is the resistance which allows us to exert the force - both forces happen
simultaneously and neither is the cause of the other. Action (or Reaction) causes the Response.
We can arbitrarily choose which of the two forces to call Action - the other will automatically
become the Reaction. You cannot exert a force without yourself feeling an equal and opposite
force.

6.  Thereisatendency to confuse Force and Response. They are two different ideas. Different
response does not mean different force. The same force can yield different responses on
different objects. But the reaction to the same force is always the same in all cases. Response
depends on many faetors - force is only one of them.

7. The idea of force means that if the same force acts on the same object (and nothing else
changes) - then the object will have the same response. But how different objects respond to
the same force can differ.

8. Then we looked at three laws that are at the foundation of the Newtonian framework.
These are laws that are assumed when Newton'’s laws are discussed. They sound simple - but
are not obvious and it is important to state and understand them clearly.

a. Newton’s Zeroth Law: Every particle which acts or disturbs another particle
does it through a vector quantity called Force. The entire action of the first particle
on the second is completely determined by the force it exerts on the second. We
can replace the first particle by its force. This means there is only one force exerted
by an object on another. (sometimes we think of this one force in terms of its
components - then we can think of 2 forces). ‘
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A More Advanced Idea: In most of what we discussed we talked to
removing the entire object itself. In reality, we ascribe forces to properties
of an object - the force arises because of its mass, or because of its charge,
its magnetic moment etc - When we talk of replacing the object by its
force - we usually mean only replacing this property by its force. So we talk
of gravitational forces on an object and mentally remove the mass causing
the gravitational force. But this is only a small step from what was discussed.

b. Newton’s Half-th Law: Each particle acting on another particle does so
independently of other particles. This means the force exerted by a particle
on another does not depend on what other particles nearby are doing. The
net force on a particle is the resultant of all the forces on the particle by all
the other particles.

c. Newton’s three-fourth Law: If there are several forces on a particle, it behaves
as if there is only one net force - this net force can be found by a special
addition called vector addition of forces. We can add forces like arrows.

This idea has to be qualified - this is absolutely true only for ideal particles.
On most objects, forces can have other effects. Force not only makes things
move, they also change shape, cause pain etc. This net force idea (therefore
the idea of two equal and opposite forces canceling) is true for particles
and for other objects only as far as ‘net movement’ of the object is concemed.

9. Cancellation of two Forces: Only forces on the same object can cancel. Forces
on an object cannot cancel with forces by the object on other objects. Therefore
Action and Reaction can never cancel. Action and Reaction is always on and by
an object. Action and Reaction are always equal - even when things move. If
something is not moving then it possibly has to be two different forces on the object
that cancel. These two forces cannot be an Action-Reaction pair.

10. Newton’s laws are one package - they are part of one complete plan. They together
form a framework through which we can think about and understand the world.
Without one law you cannot understand the other laws - only together make sense.
So to understand them we have to go back and forth and understand them together.

HOPE YOu HAD
FUN THINK ING ARBOUT

THE JDEAS \N THS
CHAPTER )
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Chapter 2
Newton's First Law

|, 155k¢c NEWTON HEREBY
NEwTown'$
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Chapter 2 - Section A

Newton’s First Law - The Basics

In the previous chapter we looked at what really is meant by objects at rest continuing to
remain at rest. We also saw the deep connection between the third law and the first law. In
this chapter we will look at the second part of the first law - objects moving uniformly forever
on their own.

The first section is a long one. Here we explore the meaning of the moving forever part of
Newton’s first law. The large part of this section is an imaginary dialogue between Aristotle
and Galileo enacted by students and the teacher. The main argument of this section is very
easy to state: “if there is no net external force, a body keeps moving uniformly forever”. Then
why have such a long section? Because our purpose here is really to see how this law came
about and what is the basis for it. Our aim is not merely understanding the statement but
rather understanding the rationale behind the statement. Through this process, we hope the
reader gets acquainted with the process of doing science - the combination of experiments,
arguments and logic that makes science.

This section starts with questioning the validity of “objects naturally moving forever”. We
then move on to ask what is friction and how we know it exists. Then comes an argument
between Aristotle and Galileo - the former proposing that things naturally stop and there is
nothing called friction and the latter arguing that things tend to move forever and if a moving
object stops, it is because a force stops it. This argument goes on with debates and experiments.
Finally Galileo wins the argument and establishes that things naturally tend to move uniformly

forever.
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IN_THE PREVIOUS CHAPTER, You TALKED ABouT WHY
ORBJECTS AT REST REMAIN AT REST WITHouT AN
EXTERNAL FORCE AND WHY A DoG IN SPACE

CANNOT GET UP AND START WALKING ON TS OWN,
BUT NEW-ToAI'S FIRST LAW ALSO SAYS THAT
MOVING 6RTECTS K-EEP ON MoOVING:
YoU DIp NoT SAY why ThaT IS S0

= ' ! OK.LET’; DIScusSsS ThaT
ANowe. WHAT DOES THIS
PART OF NEWTON'S LAaw

REALLY SAY ?

NO—MoOVING THINGS WILL
FINALLY Come To STOP
How €AN Tpey KEEP
ON MoviING




T: Ok, how do we know moving things will keep on moving?
S: They tested it and found out.

T: Who tested it?

S: Scientists.

T: How do you know? What did they really test? Will you believe anything a ‘scientist’ tells
you? What about your own ideas of the world?

T: Have you seen objects at rest remain at rest when they are not disturbed?
S: Yes.

T: So you can believe the first part of Newton’s law. When things start moving or falling, we
usually look for a source of disturbance.
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WHEN HAVE WE SEEN OBSECTS ——
MOVING FOREVER WITHOUT SToPPING 2
\F | PUSH TS DvSTER And THEN REMOoVE MY HAND 1L
\T KEEP MOVING ON Thg FLooR FOREVER 2

A
NO. IT STops BE¢AUSE OF
FRICTiON, IN FRIcTIONLESS

SURFACES IT WILL KEEP
MoviING

Y

R

9

g

(EVEN AMONGST You TRERE ARE DYFERENCES, SOME OF you
BELIEVE \T REALLY STOPS: OTHERS RELIEVE THERE IS
SOMETHING CALLED FRICTION TwAT 5Tops I | AM
GOING To SIDE WiTh THOSE WHO BELIEVE NEWTON'S
LAW 15 wWRoN@ ) MOVING DUSTERS STop. | SEE IT ALl
THE TIME. | CANNOT SEE FRICTION. How DO vou
KNOW “THERE |S FRIcTIpoNZ HOW DO you RNOW 1T 15
NOT NATURAL FOR DBTECTS To STOP MOVING ¢




T: What we are discussing is hard - very hard. You have to follow the argument slowly and
carefully to understand it. When you say a moving object left to itself will stop - you are
saying that stopping is the natural thing to do. When you say on the other hand thata moving
object left to itself will keep on moving forever in a straight line, you are saying that moving
forever is the natural thing for it to do. The question is which of these is really the object’s
natural thing to do.

\ A\ l o
Aapbl | CANT BEAR \T ANy MoRE] ) o ~
WHAT ARE You SAYING IS THE O3
NATUgAL THING? el

The real question...
What will an object do naturally ? Is it natural for a moving object to
stop or to continue moving?

Yoy WAVE To UNDERSTAND
TH
C_}:EAK'-% WeE SEE DUSTERS c'éawe
Rg REST EVERY DAY. “THE IDEA THAT
Iy ALLY THE DuSTER WOULD HAVE KEPT
OVING AND 1T WaAS THIS UNSEEN TRING
CALLED FRICTION WHICH SToPPED 1T, 1S A
RELATIVELY NEW \DEA ONLY ABoyT 500 YEARS OLD!
FOR & LONG TIME BEFoRE TWAT, PEOPLE BELIEVED
AL THINGS TEND To STop oN THEIR OWN.
- IN FACT EVEN NOW, SOMEWHE RE

50,15 THeRE FRICTION ©
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Is there Friction ?

What does this really mean? You cannot see something and someone says it exists - you lie
back and say “aha, friction exists.” But knowing a name is not the same as knowing an
idea. When you only know friction exists - don’t fool yourself, you only know a name -
nothing more.

Humans (scientists are humans too!) invent a lot of ideas and concepts - these are ideas in
our heads. Real objects do real things. We say they do it because of ‘Force’. Force is our
invention. Does it exist out there - this question has no meaning. Force is an idea we
humans use to explain the real world. It’s a tool for our understanding - it does not need a |
real existence outside in the world. “Is the idea of Force useful” - this is a much better and
more real question to ask.

This is an idea that you will face again and again in science - so try to understand it well. To
get a real grip on science, you need to understand this idea.

| Whether something exists is a simple yes or no question. But when you realize a concept
is an invention - that it might be useful - you know you have a choice. You need to know
what are the alternative ideas and why this is a better choice. You have to know the reasons
for this choice: K

When we say “there is friction” - we are really saying “we choose to use the idea that there
is friction because it makes understanding the world easier and simpler.” But why did we
choose this idea? What were the alternate ideas? How does it make explaining the world
simpler? Without looking at all these, you can never really understand “friction” (or such
similar concepts) fully.

The concept should make understanding the world easier. | am not saying the concept
should be itself easy to understand or accept! Rather, because of the concept, the world
should be easier to explain! This is the underlying idea in all of science. We change our
ideas to suit the facts we see in the world - we do not change facts to suit our ideas!

IDEA oF FRICTION, ExpL =
° AININ
THE WoRLD BEcoMES EAﬁlER.G
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T: Is the there friction or not? This seems like a simple question - and often teachers give a
simple answer ‘yes’. But here we won't do that. Let’s spend some time trying to understand
the question and the answer in detail. In reality this is not such a simple question to answer.

What do you mean by this question? Can you see friction?

F You WERE NoT TAUGHT ABOWT
FRICTION IN ScHool , WouLD You HAVE

THOUGHT THE TABLE EXERTS A FORCE
ON TWE DVSTER AND SToPS 1T%
Nol | WouLD HAVE TwoUGHT THE -
{Z2\DUSTER GENERALLY STORS [BY ITSSELF

T: Exactly. You would have thought stopping was the natural thing to do. When would you
be more surprised - if the duster kept on moving for a long time or if it stopped?
ARISTOTLE, WROTE T WAS WAS THE ONE

5 SToP AND comg ) )FORCE IS WHATE, .
Tﬂ, REs'r.iND /51095 A MOVING ‘*\9‘?)

S: When it kept on moving. Stopping is what usually happens.

THATS EXACTLY WHy T

EvERy ONE WAS THE FORCE
ELIEVED ME
Dnsic T (OF MY 1DEAS

T: You don't see friction. When | push, | exert a force. But the table seems inert - can it exert
force? After being taught there is friction, one maybe able to say the table exerts friction force.
But what aboutthe first fellow who came up with this idea? How did he/she conclude there
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T: This is a tricky question - you have to think hard about it. Why did Galileo disagree with
Aristotle and many others before him? What made Galileo disagree? How did he convince

the rest?
)
p ‘

ey

THE BEST WAY To

UNDERSTAND IS To PLAY
A GAME. SINCE Yoy THINK.
THERE 1S FRICTION, You BE
GALILEC AND | WiLL RE
ARISTOTLE] LET ME
TR-ANSFIGURE You.

ARISTOTLIEY |




ALL OBTECTS coME TO
REST IF THERE ISNO FoRCE.

— No, IN DEEP SPACE, \F
AN 0BIEcT 1S SHED, 1T
WILL KEEP ON MoVING
FOREVER.

WHAT NoNSENSE |
Q WILL cOME To A STOP. —\/—\)

(\ No. T wiLL KEEP MOVING

IN DEEP SPACE.
THIS FIGHT cAN KEEP ~—
GoING ON. THE REAL- )
QUESTION 1S “HowW Do You XNOW 2

YoV €ANNOT Go THERE AND TEST
THS OuT. AT LEAST NoT IN
GAL\LEO'S TIME . AND |, ARISTOTLE SAyess
SEE,|F | PUSH AN 0BTECT, IT MOVES

AND THEN STopsS. ~—— .
K7 TAAT'S BECAUSE OF
TRICTION.

WHAT FR\CTION? THERE 1S
NoTHING L\KE ~THAT /N TS WoRLD.




NO.ALL SURFACES EXERT TS FoRcE
THE TABLE EXERTS A FORCE ON
THE DUSTER AND MAKES IT STof.

WHAT NONSENSE | WHERE 15 ThE TABLE
EXERTING A ForcE 2 How CAN SOMETHING
LIKE THE TABLE WiicH 1S NON= LIVING
PAERT A Forcke 2 The DUsTER COMES To
REST BECAVSE TuAT 15 Tue NATURAL
ThING For \T To Do. J
You DoN'T UNDERSTARD . WHEN
Two SURFACES RUB AGAINST
EAcH OTHER “THey EXERT

FRIcTION FORCES \_J
\_w

HoW Do You kNow?

i

On Knowledge...

Two Chinese philosophers Chuang-Tze and Hui Tse were arguing...
Chuang: I know.

Hui: No, you don’t !
Chuang: How do you know that | don’t know?
Hui: How do you know that 1 don’t know that you don’t know?
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T: This line won’t work. You start by assuming there is friction and try to explain things. But
Aristotle starts by assuming there is no friction - things just stop. You cannot convince him by
repeating the same statement many times. You are not a teacher and he is not a school
student! Repeating statements again and again will not convince him. You need to use logic.

What Aristotle is saying is easier to believe. When you change your belief to Galileo’s you
should have enough evidence and reason for making the change. Galileo really had to think
hard and develop arguments and experiments to show he was right. That is the spirit of
science. Doing science lies not in the facts themselves - it lies in how you get to the facts.

BEING GALILEO 1S WARDER.
So | WiL- BE GAL\LEO. You
PE ARISTOTLE. SWHPIFY |

ok\ Now | WiLL TRY
AND CONVINCE YOV

TwAT | AM RIGWT
You TRy To G!VE ME

ME WiTH
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S0 You THNK BEVERYTHING
MoVING cﬁME} To A SToP ¢

WHAT ABOUT PLANETS 2
They WAVE BEeN
MoVvING FOREVER »

ooPsS | YES, AT
LookS LIKE AN EXAMPLE
OF MOVING FOREVER.

You ARE A BAD ARISTOTLE]

TAE REAL AR\STOTLE WOULDN'T :
RE CONVINCED SO EASILY. HE ®)
WouLp HAVE SAID Q

//m‘ N HEAVENLY OBTECTS HAVE o~
7274 DIFEFERENT RULES oANY (
(lj@f?b why Ty Move IN (2?\,;
‘{kd& CIRCLES AND NoOT Bt
AS STRA\GHT LINES %

S ‘AND THERE ARE
INVISIBLE ANGELS
PUSHING PLANETS

AROUND. 50 WE €ANT
CoUNT PLANETS”




Galileo: | disagree about different laws on earth and in space (heavens). But that is hard to
convince you on - since it is just my belief versus yours. So | will skip this argument and try
to explain my position from earthly experiments.

Galileo: Ok. But it moves for sometime even after | stop pushing. Why does it do that?

Aristotle: That's because it has some speed and it takes time for this speed to come down to
zero.

Galileo: So the speed makes it go some distance before stopping. But how far will it go and
stop? Who decides? Is there a rule for this or will the duster decide how far it should go

based on its mood?

Aristotle: Of course it cannot be random. The distance will be decided by the speed. A faster
object will take longer to come to rest and so it will go a farther distance.

Galileo: And you say the table has nothing to do with this stopping or slowing the duster. No
friction, nothing ?

Aristotle: Absolutely nothing.

Galileo: So | presume the table also has nothing to with how far the duster moves before
stopping.

Aristotle: Yes.
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BuT SER,IF Mike A RALL
goLL INSTEAD OF SLIDING \T,
[T GoES FARTHER,
WRY L5 THAT ¢

ALwhAYS ORTECTS THAT RoLL
MovE MoRE. TwE SToPPING
STl WAS NoTHING To Do
WiTh TRE TABLE. \T

DEPEANDS ONLY ON THE
OBJTECT)S SPEED AND
posSIBLY How IT IS MoVING -
_SLADING OR RoLLING.

| Witt Now SHow
T AT You ARE WRONG.

CD o

WERE Are TWO TABLES. ON ONE |
Pur SoME Powper-—\T 15 NowW SMooTHER.




1AM PUSHING The DUSTER ON “THE
RouGax TABLE. MEASURE IT/S
DisTANCE.

FLLITIYS

0
wame’,

Now, TWILL PUSH ON THE

SMooTh TARLE AND GWE Tde
DusTE®r THE SAME SPEED.
Now MEASURE TS DISTANCE
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Galileo: With the same speed, the same duster moves different distances on the two tables.
Clearly the distance moved must have something to do with the table. Isn’t it our experience
that on smoother surfaces objects slide for longer?

Aristotle: Yes. | guess | have to agree with you. On smooth surfaces objects slide for longer.
But how does that mean an object continues moving forever? Also | have an objection to this
experiment - you said you gave the same speed to the duster both times. How do you know?
In fact | think you cheated and pushed harder the second time.

Galileo: Yes - | agree with your objection. | can’t be sure that | gave the same speed both
times. But ] will do this experiment in a slightly different way and then you have to agree with
me that | gave the same speed. | will do this experiment next. But before that let’s summarize
the point you have conceded - surface smoothness plays a role in the distance moved.

| AM GoING 10 MoLD TwisS LONG
'NOTE RBook IN AN INCLINE AND
SLIDE THE DUSTER

Wil THE DVSTER Go TuE SAME DISTANCE
EVERY TIME 2 4:D

OR HWow THE DUSTER IS KEPT
T WitL Go DIFFERENT
DlsTANcss. TRY T

50, You MEAN EACH TIME, WE
GET A DIFFERENT DISTANCE ¢

o/ HOLD ON. WE CANT HA STy IN SCIENCE
THINK-HARD BEFORE WE COME T CONCLUSIONS.

IN SCIENCE, WhEN OUR IDEAS ARE WRONG,WE
Ary To FIND OuT WHAT IS WRONG AND
REFINE THE IDEA. /53




LETS KEEP THE NoTE Book AT THE SAME

INCLINE ALWAYS. IT IS HARD BvT
DO-ABLE | AND | WitL LEAVE THE
DUSTER THE SAME WAY, FRoM

The SAME POINT. LETS SEE
wWiaT

HAPPENS?Z

YES. THERE ARE MORE
FACTORS-THE FAN, YOUR
BREATHING, My HAND SHAK-
-INGees BUT THE IDEA IS CLEAR
THE DISTANCE \S ALMOST THE
SAME ALwAYSe IF EVERY THING,

SAME, ITWitL

1S KEPT THE A

MOVE THE SAME |

DISTANCE =§q§ ALWAYS,
6

AFTER 4-5 ROUNDS OF THE
EXPERIMENTo 0 »
50, WHAT
HAPPENED

PUSTER COMES DOwWN wWITH

%'\‘HE SAME SPEED BVT IT GOES
FURTHER ON THE SMODTHER

POWDERED TARLE .

mw> =




Galileo: So Dear Aristotle, do you agree that we have the same speed and different distances?

Aristotle: Yes. But on this | was convinced anyway. | know on a smoother surface the object

moves for a longer distance. But | don’t see why that means there is this thing you call
friction.

L WELL- vsTER SToPS: THERE
V\.A/gg f‘;qrgswp/(;s O¢ LOOKING AT IT.
FIRST WAY S T IS “THE DUSTER'S
PROPERTY To STOP. IT DOESN™T
CARE ABovT THE TABLE OR !
ANYTIHNO ELSE. IT JUST STors
ON 175 OWN.
THE SELOND ALTERNATWVE i THE
DUSTER WOUL DN HAVE
STOPPED IF “THE TABLE DID NoT
MAKE 1T SToR. THE TABLE
PLAYS A ROLE IN MAKING
Tie DYSTER SToR

Galileo: We know through experiments above that the table plays a role. Otherwise how
can you explain the duster moving a different distance on the smoother table? So the table
must be doing something to the duster. It must be exerting a force to stop it. This force is
friction. Otherwise the duster would have kept moving forever.

Aristotle: Waitaminute. Ok. | agree that the table plays a role. | even agree that the table may
be exerting a force - friction or whatever you want to call it. But why should there be only the
two options you have given? Maybe the duster also wants to stop and the table also makes it
stop earlier 2 So if there was no table, the duster will stop after a longer distance.

Yov ARE. RIGHT. THERE ARE
NoT Two- BuT RATHER THREE
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T Te————TT
Z %ﬁu— WE HavE SHowN 15
(C;\f) TRAT THERE 1S SOME-THING
CKALLED FRICTION- THE TABLE
TRIES 16 SToP TE DusTep,

Galileo: The rougher the table, the more force with which it tries to stop. We have proved
that Alternative One is wrong. But this does not mean the duster cannot stop on its own. We
have not proved Alternative two is correct. Maybe Alternative Three is the correct one. For
this | will do one more experiment. But before that let me summarize the points | have won!

Summary so far...

Same duster speed + same table => Same stopping distance.
But, same duster speed + different table surfaces => Different stopping distances.

Duster’s stopping is not independent of the table. Table matters.
Table tries to stop the duster. The rougher the table, the more it tries to stop.

Alternative one is definitely wrong! Either Alternative two or three is correct.

T: Nothing of what we have done so far is very unexpected or
surprising. Itis all very believable. The only difference is that we
have now thought deeply and have done experiments and come
up with concrete justifiable statements. This logical thinking
through will now help us jump to something which is quite
surprising. We have so far seen that the table plays a role in
stopping the duster. But we cannot say the duster cannot also
stop on its own. The next step is to show that the duster actually
does not stop on its own. We will show that the entire stopping
is done by the table. If the table does not stop it, the duster will
keep moving forever.
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/——\/—""V\,—a

Now, W D\D THE EARLIER

EAPERIMENT WiTH THE INCLINED NOTE RBooK.
Now twiLL VSE SEVERAL VERY SMooTw
CURVED SURFA CES LIKE ThE ONBS BELOW...

D E
R IR S
| RELEASE THE BLOck FROM THE PoSiTioN SHowN

IN TRE SURFACE A. WHAT WiLL HAPPEN 2

THE BLoOck WiLL
Go DowN.

WitL T Then SToP ¢
NO, T WILL Go UP, SToP -AND THEN
COME DOoWN AGAIN AND Go up ON
'\’Hl9 SIDE AND KEEP OScILLATING
FOR SOME TIME -AND THEN SToR
\F THe SURFACE 15 RoUGH, THEN
WHAT Wit HAPPEN ¢ _
\'T Witk Do LESS oScictATioN.OR
\T AN EVEN JUsST coME DowN
AND STEfR SomEe TiMES \T €AN
BEVEN JUST STay TheErE WIThOUT

COMING DOWN. ‘,_w

o1

a7



OK.LET'S ASSUME THE SURFACE 1S VERY SMoosT,
How Hi@aw wiLL The BLock RISE N A2 |eT'S.
Do THIS FROM DIFFERENT PLACES The plock
STARTS. LET'S Po TS SEVERAL TIMES AND SEE
AFTER DoING THE EXPERIMENT

—— SEVERAL TIME
WHAT DO vou FIND) e

o0 =T RisEs To ALMOSTLS
o s £ OO THE SAME HEIGHT ‘Q,O |
"° AFROM WHERE WE

LEFT THE RLockK

SUPPOSE | LEAVE THE BLocK)(WHAT ABOUT IN THE
AT THE SAME HEIGHT INJ] ( SURFACES C, D, E 2

A AND B, WItL THEY
ROTH RISE THE SAME
HEIGHT ON THE
OPpPOS\TE SIDE 2

INALL THE
SURFACES, THEY

ACTUALLY |T WibL RISE THE LBAST IN E, SLIGHTLY
MORE IN D AND THEN IN C. THAT IS BECAVSE THE
SURF4cE DRAGS THE BLOEK AND SLowS T DowN
ADBITe BUT THIS 1S A SIMPLE IDEA T ACCEPT:
THE BLOCK Witk RISE Td THE SAME HEIGHT AS
IT WAS LEFT FROM, IF TRE SUREACE IS PERFE-
- LTy 5Mo0TH AND DoES NoT DRAG THE BLock,
POEs THIS S0UND REASONABLE 1O You 2




THEN, IMKkGiINE A SERIES OF
SUREACES LIKE €, D, E, ...

E WAS A LoNGER BASE
THAN D Whicu HaS A
LONGER BASE THaAN C. |F we

’/{KEEP EXTENDING THE BASE »

HEN THE BLocK WiLL WAVE To
TRAVEL LONGER AND LONGER
DISTANCES ON TweE BASE RBE FoRE
T 2TARTS CLIMBING P IF WE THERE - ORE MAKE
Twe BASE VERY LoNG ., TwE BLock Wit MovE
ALt THE WAY BEFORE CLIMBING. Twls MusT -
MEAN THE BLock Wit CONTINUE MOVING
FOREVER IF ThE CLIMBING PINT WhS AT INFINITy,

T: Close your eyes and imagine this situation. It is very hard to get a practical feel for this idea.
But some thought experiments like this can help you develop a feel for this. This kind of
moving forever must be true for all blocks - not just this block. Also, we have constructed a
special experiment to show this ‘moving forever’ works. Obviously, you don’t need to slide
down to keep moving forever. If you are already moving, and nothing stops you, you will
naturally keep moving forever. This is Newton’s first law. Actually it really was Galileo’s

law.
ACTUALLY ITWAS
% MYy LAW] | SPENT
/g\g,;‘; YEARS WORKING

# ON T AND
EVERYoONE
CALLS IT

-

l

Z [
/| SOME PEOPLE ARE NEVER
A
HA

SFIED. HE ALREADY
' S Two LAWS AND ME
s STEALS ONE MORE
id 7 FROM PoOR. GAL1LED |
s
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BuT You HAVE NoT PRoVED THAT ThE BLOCK MOVES
WITH UNIFORM SPEED IN A STRAIGHT LINE. Yo HAVE
NoT EVEN PROVED T CONTINVES FOREVER-— MAYRE
T WiLL SToP AFTER A LONG -TIME. How DO You
KNOW \T WILL CoNTINVE FOREVER. EVERY TIME
THE RLock RISES ON THE CVRVED SURFACE - \T )
RISES A LITT\E LESS AND SLowLy IT WILL COME
o ASTOR SUPPoSE ARISTOTLE S5AYS S EVERY
OBTECT WILL SToP AFTER -Two HoVRS—IF THERE
15 NO FORCE oN \T How D0.you SHow HE 15 WRONG ¢

YES, You ARE RIGHT:
l-HA’VE NgT PROVED THE
BLock MovE FOREVER

"l et

" H =11 A
T: I have not proved that the block continues forever. | have only created a situation where
you can get a feel for why the block can keep moving forever. If Aristotle says the object will
stop after two hours - then | will devise an experiment to show that objects can move for 3
hours before stopping. It will be hard to show - but today we can do it with some complex
equipment. But then Aristotle will come back to say “Oops! | made a mistake. | wanted to'say
every object will stop after 2 years, not two hours.” Now it is much harder to show this is
wrong. But let’s say we send a spacecraft (like Voyager which has really been going in a line

for more than 10 years) into space and then show Aristotle is wrong. Then all Aristotle has to
do is to say “Sorry - | meant 200 years.”
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T: This can go on forever. So we must make rules - Aristotle cannot keep changing his law.
Second we have to accept that we cannot prove we are right. All we have done so far is to
show that the idea that objects can keep moving forever is not very far fetched. Initially this
sounded ridiculous - but with a bunch of experiments and arguments we have hopefully
made the idea look possible. But this is not proof. There is no proof. This law is the starting
point. We use this to deduce other facts. If these facts turn out right, then we develop more
confidence in the idea. '

S: So you are saying we cannot prove Newton'’s first law? We cannot say Alternative three is
wrong - that objects do not stop automatically?

T: We can and do say Alternative three is wrong! We only cannot show it is wrong. What we
know for sure is that there is some role for the table and therefore for friction - Alternative one
is wrong. Measurements show that as the table becomes smoother, the rate of slowing down
becomes very small. Butitis never zero. We cannot show the object does not slow down on
it own. We can of course show that if it exists, this self-slowing has to be very small. Science
is not all logic and experiments! There is also guesswork and hope for elegant and simple

answers. These also drive science.

SCENCE + EXPERIMENT + LoGic
-l—_Gusss T ELEGANCE + SIMPLE ANSWER
— ONE THOROUGHLY CoNFUSED Doa |l
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How Science Works ...

Once we get a feel for something, we generalize. We guess that there is no self-slowing
down. If all the slowing down was self-slowing, it would have been simple. If all of it is
friction, that is also reasonably simple - it requires us to change our ideas but it is still simple.
Alternative Three - some small self-slowing and a lot of friction is much more messier than
Alternative One and Two. We cannot say things slow only because of self-slowing. Alternative
one - simple to understand - is clearly wrong. So we hope and guess Alternative Two is
correct - because, of the remaining two alternatives, it seems simpler and less messier than
Alternative three. We build our ideas based on this assumption. Our ideas make predictions
that we check with the real world. [f it works, then we stick to the assumption. Otherwise
we do more checks and change the assumption.

Maybe things do have a built in self-slowing. We do experiments and show this self-slowing
takes at least 2 minutes to make things stop. Better experiments show it takes at least 2 hours
to make things stop. Even better experiments stretch the limit to 2 years and to 2 centuries.
This self slowing has to be very very small. But we cannot show it is zero. In science it is easy
to show our ideas are wrong. It is very difficult to show we are right. So we assume we are
right. If we get into experimental conflict with nature, we will change our ideas. Science is
a delicate blend of experiments, logic, and inspired guesswork that comes from a feel for
nature. All three things are essential in doing science.

| LOVE SCiBNCE. \F (JusT Like,!F You ARE
You ARE NoT WRONG>) (NoT CAUGHT; You ARE ]
NoT A THIEBF. |

oo ARz RIGHT.
2
g o
[J

e §

OvCH] OuCH | UNFORTU-
NATELY, IN LIFE A THIEF
(PARTICULARLY APETry
ONE) 15 ALMoSTALWAYS
CAVGHT.
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Historically Speaking...

Galileo actually used the
above arguments to convince
himself and others that objects
keep on moving forever. He
was able to shift himself and
others from the idea that being
at rest was the only natural
state for an object. He did a
lot of experiments to see how
far objects move on different
smooth surfaces.

>
) AND GALILED \\\\

se. wlNSﬁ{E MATCH!

He found that the speed
decreased slowly. Fora given
surface the body slowed
down at particular fixed rate.
As the surface became
smoother, he found the rate
of decrease decreased. He
concluded that the slowing
down was caused by friction
and if there was no friction,
the body will keep moving at
the same speed in a straight
line.

There were many who were not convinced. But they all died out. The newer generation grew
up with Galileo’s ideas and found it more useful. Science often wins - not by convincing but

by simply waiting long enaugh!

WE WERE LoyaL
To ARISTOTLE TiLw
OVR DEA'THL




Since we finally did not prove this law - maybe you feel we could as well havel simply stated
the law as the first step and said this is how the world is. There are two problems with this.
One is that you don’t know why we think this law is right and how much ‘evidence’ we really
have for it. The second is that you don’t see the counter-options and the arguments for and
against this law - therefore you don’t geta complete feel for the ‘law’. You learn the ‘fact’ but
not how we arrived at this fact. This long-winded process hopefully has given you a better
insight into why we believe in this law. You can similarly question other laws and delve into
the experimental and logical basis for these assumptions.

Summary of Points Discussed

1. Though moving things always stop on the earth, this is not the most natural thing for
objects to do.

2. If we assume that naturally moving objects stop, then careful observations (like distance
moved before stopping) become harder to explain.

3. A framework where we assume moving things naturally keep moving in a straight line
forever is a better framework to work with. It makes it easier to explain our observations.
Within this framework, stopping is caused entirely by a force. Often friction between two
surfaces plays this role.

4. In situations where friction and other such forces can be eliminated, things will keep
moving in a straight line forever. A lot of our current physics is built on this critical hypothesis
and we find this contradicts nothing we have met so far - this makes our faith in this law very
very strong.

5.  Sointernalize these key ideas

a.  The Natural Motion of objects is that of constant velocity - moving uniformly
forever in a straight line. No force is required to move an object. A force is only
required to start it moving.

b.  Since force is needed to start things moving, one might feel rest is a superior
natural state. But rest is relative. And things like stars and galaxies have been
always moving with respect to us - so there is no question of starting of motion
here. In general, constant velocity (with rest as a special case) is the natural state.

S0,We COME To TWE END OF
PART A OF THE SEconp
CHAPTER cve




Chapter 2 - Section B

Newton’s First Law - Motion of Planets

In the previous section, we looked at why we feel moving objects keep moving forever and
how that makes explaining motion of dusters on earth easier to explain. In this section, we
will apply this idea to the motion of planets and try to understand how this law explain this as
well.

This section starts by looking at the motion of the moon around the earth. Everyone has heard
of Newton’s law of gravity - the earth pulls things towards itself. This seems self-evident -
when we drop things, they fall down. But that is not really the BIG success of Newton’s
gravitational law. His major success was in showing that the Moon’s motion is governed by
the same law. In short what Newton is saying is that not merely stones dropped on the earth,
but even huge rocks like the Moon that are so for away, fall towards the Earth. And that is
because the Earth is pulling them towards it.

Now, this sounds absurd clearly the moon is not falling towards the earth. Or is it? In this
section we show how the moon is actually continuously falling towards the earth - and yet it
never quite falls down!

Understanding why circular motion is actually just falling makes use of the idea that objects
left to themselves naturally tend to keep moving in a straight line forever. Without this idea,
we cannot show that the moon is actually falling. And so the earth couldn’t be just pulling it.
And explaining why the moon goes around would be extremely hard.

The difference between pre-Newton and post-Newton eras is this - what is natural for an
object to do has changed. Earlier people thought of rest as natural. Now not just rest, even
uniform motion is seen as natural. This section shows how this seemingly small change can
make a huge difference in terms of our ability to explain the motion of objects - heavenly or
earthly!

We finally end the section with a historical note on how Newton discovered gravity.
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LETS UET BAck To NEWTONS FIRST LAW.

15 THERE ANy OTWER EVIDENCE FOR Twis LAWY
ALSO WHAT IS ThE USE OF Twis LAWZ WwaAT IS
T$ REAL MEANING 2

/— -
ML EARTH AND ALl THE ?LA-NET.D
00,8045 KEEP oN MoVINGY FOREVER
o -4

V TeaT 1S ANOTHER EVIDENCE FOR
8Dy \Tns Law,
EARTH MOvVING 2
. WHERE TO 2

BETTER DIGuUp
My BONE BEFORE
T MovEs A'AW"YA!

T: Yes - but they do not move in a straight line, nor with a constant speed. But uniform motion
forever plays a role in ‘planets keeping on moving’. We will try to understand this now. But
before we do, let’s look at the real meaning of this first law. What the first law says is that you
cannot ask why something is moving in a straight line with constant speed. That is what it
should do naturally.,

B S

F oy SUDDENLY CloES IN A STRAICIMT LINE
JJNE%E&SL\/— YoU CANNGT ASK WhY T PID TAT.
RATHER You SHOULD AsK Why LS THE MoON NoT
DoING THAT Now| SIMILARLY,WHEN A DUSTER KEEPS
ON MoviNtn ON A TABLE-YoU SkovLD NoT BE SURPRISER
You SHouLD ACTUhLLY BE SURPRISED WHEN IT SToRS,

“BuT THATS SiLy.
DUSTERS ALWAYS STOP

©
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T: Yes. But duster stopping is not the most natural thing for a duster to do. If it was in space
- it would have kept on moving. Sometimes our limited experience on earth teaches us that
something is ‘normal’ and other things are not. But with a larger experience and broader
perspective - things that were abnormal appear ‘normal’ and things earlier ‘normal’ appear as
special situations. Dusters here on earth stop - but that’s because our experience is small. If
we leave dusters in space - it will keep on moving. To keep moving is natural. To stop is
abnormal - though we may expect things to stop because of our limited earthly experience.

S0 THEN, |F 1 DoNT ASK Wiy
“TwE DuSTER KEEPS MovVINGI,
WrAT €AN | ASK?

You CAN ASK WY 4 MoVING]
DUSTER SToPS -AND Wiy IT DoES
NoT KEEP MOVINU, For ThiS YourR
ANSWER WILL BE FRICTioN. FRICTION
PRA S ThE DUSTER - EXERTS A FoRcE oN

\T AND SToPS IT: -
_ WHAT ABouT TWE MooN

MOVING AROUND THE EARTH ?
WHY DoEs IT Do Tis 2

|3
s

T: Earlier people used to ask this
same question - unsuccessfully.
When you ask a ‘why’ question -
there is always a background to it.
Why questions come with an
alternative - why is something like
this and not like something else.

WY 1S THE MooN MoVINODT 1\
dm); NoT SIMPLY REMAINING]
OvT THERE AT REST IS
USvacLLY WHAT PEOPLE MEAN
WHEN ThEy ASk Why IS THE
Moo N MovINGu ARoUND THE
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T: This is a hard question - what is it that is making the moon
move from rest and making it move around the earth? That
something must be pushing it around the earth. See the
diagram. If you want the moon to go around and have to
push it around from rest, you must be pushing it around the
circle (or ellipse). Obviously the earth cannot be doing this
job. (Think of yourself in the center and some people running
around you in a circle - you can pull and push them towards
and away from you - but how do you push them around?)

TwAT's WHy PEOPLE
THOVAHT 1T, WAS

INVISIRLE ANGIELS
FLAPPING THEIR WINAS
AND DOINGT TS JoB OF
PuSHINCT THE MooN AND
OTHER PLANETS ARDUND,

T: | am not saying this argument is perfect. But it sounds somewhat logical. Later Newton
proposed that the earth could pull the moon - even when it is so far away, without touching
it. One can argue that if the earth can pull things towards it without touching, why can't it
push things around in a circle. The argument that forces from you can only be away or
towards you is not true. But many of the forces seem to be this way (including our pushing
and pulling). At any rate, this was what was argued in the 15" century and this idea that
angels sat behind the planets and flapped their wings and pushed them around was quite
common. Today we don’t buy such arguments. But then how do we explain Moon's going
around? Using the idea that moving objects keep on moving in a straight line, Newton
showed that moving in a circle is like falling down and that the Earth’s pull is enough to
explain Moon'’s going around. Earth’s pull is believable because things on earth also fall
down. With one step and one simple set of ideas Newton was thus able to explain the motion
of things on earth and things in the heavens. This was an important break-through in the
history of science. In what follows we will look at the thought process that led to this change.

T: But now when you ask why is the Moon going around the earth, you must state what you
expect it to do otherwise. This time the answer is not simply "remain at rest there." The
natural thing for the Moon is not merely being at rest - it can instead be moving uniformly in
a straight line. So when you ask “why is the Moon going around in circles” - you are really
asking “why is the Moon not going off in a straight line?”
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Jo0 MEAN To SkY IF THE Moo
| C10ES OFFIN A S5TR Al KT LINE ,

| CANNOT ASK WikY IT DoES THATY

ExacTiyl IF Ywm

COIN o A TABLE AND €
OME BAcK
ngmufe; LATER AND STiLL FINDIT
HERE, WiLL You UNENERALLY ASK
WHY IS IT STiLL THERE €

NO. | ExpEcT \T TO RE THERE

—\F No ONE TOUcHES IT
YES - | T 15 NATURAL Fok-

THINGIS AT REST To REMAIN AT
REST. RuT TwaT |5 ONLy PART OF
T™HE SToRy-\T IS SIMILARLY ALSO
NATURAL FOR THINGS MoVIN U To
KEEP ON MOVING INA STRAIOHT
LINE, THIS 1S HARD To INTERNA-
LiZzE —RuT THAT IS WHAT You
HAVE To Do. ONCE SPACE SHIPS IN
_SPACE MoVE AWAY FROMTHE
EARTH, THEY USVALLY KEEP
ON MpVIN 1 FoREVER — WITH
ABSoLvTELY No FUEL» No

A skING, ETC.




T: For example in the 1970s the Voyager space ship left the earth and kept moving on its own
after some time. It passed Jupiter and Saturn, crossed Pluto and is now traveling beyond the
Solar Sysiem. It will keep traveling forever in a straight line till it hits or meets some other
planet, star or space rock. Newton’s first law works! You cannot ask why the spaceship is
moving in a straight line - that is what it is supposed to do. If it stopped, or bounced off etc,
you can ask why it did that and you will find reasons. But there is no ‘why’ to moving in a
straight line - that is what it is naturally supposed to do!

MB&H:}%;«OL\SO‘A—%I\NW Wy 1S THE
00 ) N N

LINE ANY DIFFEREN¢ EESQMHT
ASKING WHY IS THE MooN NoT
STAY N1 AT REST IN ONE PLACE ¢

BECAVSE IF You ARE ASKINGT Why 1S The
MOON L10INCGT IN A CIRCLE AND IS NOT AT REST
—\T IS VERY DIFFICULT To EXPLAIN. -

BT IF You 'ARE ASKING Why IS IT GoING
INk CIRCLE 5 NoT IN A STRAIGWT LINE -
IT ISNERY EASY TO BEXPLAIN.

BEC-AVSE GoiNG W A CIRCLE IS
LIKE FALLING DOWN-.
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\F | DRoP AN

ORTECT, How DOES

e
)

FALL - RuT IN A

\ ’
) 68
,1 ks

FPARABOL A LIKE
TS,

YES. THAT |S ThE POINT. IT FALLS DOWN.
NOT STRAIGHT DowN, BVUT DowN FROM WHERE
EVER \T SHoulLp HaVE BEEN \FI\T WAS NoT
FALLING. LET ME DRAW THIS ANVD SHOW Y0U,
WHAT ' MEP(Noqé .




I throw an object like I expected it to have gone straight like this
this — horizontalg)

Instead it went in a
parabola like this.

So I say it has fallen
down from where it
should have been !
T: Falling down is always from where you otherwise expected it to be. Usually people think
of falling down as coming down vertically. But that is not always the case - when moving
things fall (like a ball thrown horizontally for example), we talk of falling down as falling from
the straight line it should have otherwise gone in.

T: Why does the ball fall down from its straight line ?
S: Because the Earth is pulling it down due to gravity.
T: Yes. But the earth only pulls it downwards. Why is it going in a curve like that

BECAVSE THE BALL WANTS To GO

STRAIGWT AND THE EART NG-
T DOWN. FALI—\\?\IG IN At' '&2{;’5'15

APPENING BECAUSE ROTH+ ARE
HAPPENING TOGE’FH—E%E.

EXAcTiy | THIS IS VERY
EASy To UNDERSTAND.
GDING IN A- CVRVE LIKE THE
[\

A YARABOLA 1S AcTupLLy

N FALLING DowN FROM A
Mb STRAIGHT LINE.
(3

/4

EN

e B
7 A
o
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T: In fact for those of you who know the equations of projectile motion - you can think of it
like this. As shown in this figure below - the object should be ideally at ut (vector u is the
initial velocity) because it should have gone in a straight line. But earth’s pull makes it fall
down by %: gt2. So the object is really at r(t) = ut + % gt2. This is the equation of motion.

I expected it to have gone

ight like this with ‘
fitirsallg;::eril;lt =lsut \ It fell down from where it should
i < have been because of the earth’s pull
by a displacement = 2 gt’.

Instead it went in a
parabola like this.

Note that although the ball is ‘rising’ in the
figure - we still talk of it as falling. Falling
from where it should have been. This is the
critical point you have to understand.




WILL You BELIBVE T IF ITELL YoU GOING
you 2 ALSO FALLING DownN?

How CAN ThaAT BE? How CaN
WE FaLL DOWN AND CoME RBAcCK
To THE SAME PLACEZ ALSO,IN ONE
PAKRT \F YOV ARE FALLING DOWN, |N
ANOTHER P4ART YoU ARE GOING UP.
Wit SHow You How.
LET’S SAy | AM ONTOP OF TS
NEWTON’S MOUNTAIN. | THROW
A STONE FASTER AND FASTER
THESE PIcTURES SHow HOW IT
WILL FALL - CORRECT 2

Now,
IN A FULL CIRCLE 1S

S
// l d “I h
o

O ................... '
E AU A R Ml T P
“~ | Tmee. ] e
. - -~
0y .~ See
> . ey
. . .,
. ~ .
. . ..
Ly S .~
. ~ hEY
. . .
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LY N .
) . .

Qo O, o,
ALL Z SToNES FALL FROM THE STRAIGHT LINE

BY THE SAME DISTANCE IN THE SAME TIME AND

HiT THE{&AR"\’H’-/

pan—

AND IF KEEP THROWING
FASTER AND FASTER IT WiLL KEEP

FALLING DOWN FARTHER AND FARTHER)
AWAY THIS SAME WaAY — RIGHT?Z
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NO-WRONG | LET'S SEE Why- THE EARTH 1S RoUND
LIKE ABALCEf ISNT T2 S0 TyHE SURFA CE OF THE

FARTH CURVES AROUND AS You Move FAR ENOUGH.
IN FACT, THIS 1S WHY You SEE THE SKy ToUcCHING
“THE SEA IN THE HORIZON. THE SKy AND SEA

CAND THE WHOLE SURFACE OF THE EARTH) ARE
FALLING OFF FroM ThHe STRAIGHT LINE. .

Sky & Clouds A B
b

Me on

x the beach

Earth’s surface

In the above picture, | am standing on the beach and looking at the sea. At position A, the sky
is above me and the sea is below me - | can see both when | see up and look down. | can see
the Seattill position D. Beyond this the earth's curvature makes the sea go below what my eye
can see. Points beyond D on the surface | cannot see because the light from them cannot
reach my eye - they are blocked by the earth’s surface. But at D, I can still see the sky above
me. At position B, | can see the sky, but not the earth or the sea. | can see the sky till position
C. Beyond C, | can’t even see the sky or clouds. Though C is so far away from D - light from
the sky at C and the sea at D both come to me from the same angle. So | think the sky is
touching the sea. Actually it is only the light from the sky at C that is touching the sea at D and
reaching my eye! ;

Ok | WE <AN DIFFERENTIATE Two ,
OBTECTS ONLYy BECAUSE LIGHT FROM ThEW
COMES AT DIFFERENT ANGLES. IF THE
ANGLES ARE THE SAME, THE Two oBTECTS
Look Like oNE(OR LIKE They ARE TouenING
Ehch OThER() S ——




OKo BUT WHAT HAS ThIS

GoT Te PO WIiTw ‘\'Hﬁo@ KEEP.S.FA—LL\NG,

THE SToNE FASTER AND BUT THE EARTH
1S ALSE CURYING |,
—~AwaY COR IF You LIKE \T
You caAN TRINK OF THE

EARTH/S SURFACE AS ALSO FALLING
AWAY FRoM A STRAIGHT LINE)
SEE The FIGVRE BELOW.

FASTER 2

HERE AGAIN ALL THREE STONES FALL
DowN FrRoM -THE STRAIGHT LINE

By T SAME DISTANCE IN THE SAME TIME.
BUT BECAUSE THE EARTH/S SURFACE
CVURVES DOwWN»> -THE LAST ONE HASNT
STl REACHED THE GROUND- IT 1S

STlLe PAR AROVE.
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T: What happens if the stone falls and the earth also falls the same distance ? The stone has
indeed fallen - but it is the same distance away from the earth’s surface. Again it falls, and
again the earth’s surface falls away - this keeps happening till finally the stone is back to the
place it started from! And there you have the stone falling all the time and therefore moving

in a circle!

Newton’s hill
Earth

Stones
falling
down

This stone is falling down towards the
Earth from the straight line, all the time,
and yet it remains in a circle.

That’s because both - the earth’s surface
& the stone - fall the same amount from
the straight line.

S: Ok - Now | get what you mean. The Moon is moving in a circle and so it is really falling
towards the earth all the time. It is not falling in - as from rest. But it is falling in from a

straight line.

——————
e
EXAcTiy. AND BECAUSE The EARTH/S:

HEIGWT | AND ThtS IpEA 1S WHAT
JTHE LAW OF GRA‘\/p_\.—A_ﬂOzN.A‘;ED ME To

cE ALSO CURVES AR OUNP, MooN Car
FALLING AND REMA (W A‘\:- THE SAMEe

WHAT NONSENSE | IF |
THROW A STONE FasT, |T
WILL ONLY FALL Dow FAR
AWAY e How CANIT CoME
Bheckg

Okl I AGREE-IT
WiLt CoMe BAck,
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When the apple fellon Newton's
head his deep thoughts were not
on why it fell, it was possibly
on...

Who “THREW Thyg
APPLE AT Mg 2

b WHAT A BEAT FUL

A
MooN . BUT WHY 1S 1T
GoING ArRoUND “TiHE
roe, &

A bit of history...

People keep talking of Newton and the Apple. That is
nonsense. You think about why something happens only when
it surprises you. Clearly Newton (or you and I for that matter)
would expect an apple to fall down. Newton couldn’t have
seen an apple fall and started thinking of why itfell! Newton,
Galileo and others knew that things fall down and possibly
something is pulling it down. The real question was whether
this was true beyond the earth - for example for the Moon,
Planets and the Sun. Initially Newton too thought of the Moon
as moving around the earth - as going around instead of being
at rest. His emphasis was on moving and not on the around
(which is the same as falling). But Galileo’s observations
(Newton’s first law) on moving objects continuing to move in
a straight line began to influence Newton's thinking.

He started seeing what we discussed in the beginning of this
section. He stopped asking why the moon is moving around.
He started asking why the moon is moving around - why the
Moon is not going in a straight line. This logic led him to see
Moon’s circular motion as falling towards the Earth. In fact
the earlier diagram - stones thrown from a mountain top and
falling at different places and one going off in a circle is
borrowed straight from Newton’s Principia Mathematica (the
famous book where Newton first described the basics of
mechanics, gravitation and planetary motion).

GALILEO+ @RAVITy+MooN 7
- : ‘ = PRINC P14 Y " 1

: Newton’s‘hill
.. Earth =

Stones& /
falling
down

Circular motion is falling
towards the Earth.
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Once Newton saw that circular motion was the same as falling
towards the Earth, he was able to see that a stone on the ground
and the Moon so far away are both falling towards the Earth.
Possibly the Earth must have something to do with it - maybe
the Earth is pulling all objects towards itself. And that would
not only solve these two problems! The Earth goes around the
Suninanellipse. Our logic says that the Earth falls continuously %
towards the Sun and so do all the planets - so the Sun must be &%
pulling all things towards itself. Generalizing from this idea 2%
Newton guessed (hypothesized) that every object must pull
every other object towards itself.

Galileo had shown earlier that the rate of falling on earth, of
different objects was the same - the acceleration due to
gravitational pull is the same for all objects. Newton’s second
law looks at what force does to an object and it says that
force makes an object accelerate. The more massive the object,
less is the acceleration. To keep the acceleration constant
means the force must increase along with the mass of the
object. This means the pull of the earth on the object must be
proportional to the mass of the object. So reasoned Newton.
Since-Newton thought of this as a Universal force, it had to
be true for any two objects and therefore the force should
depend on both and not just one mass - so he guessed the
force was proportional to the product of the masses.

Also it made sense that this pull (gravitational force) must
decrease with distance. You affect far away things less. Before
Newton, Kepler had discovered three laws of planetary motion.
Newton did some simple mathematics and showed that if
this attraction decreased as 1/r?, (ie. decreased as the square
of the distance between the objects) then he could prove what
Kepler had empirically shown for the planets.

Galileo demonstrates from the leaning tower of Pisa, that
allobjects fall at the same rate.
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