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OH BOY! WHAT
ILL THEY DO NEXT?
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A long time age, about 10,000 BC,
there was home science....

... and even appropriate technology

devil helps

The earliest civilisations used many
engineering concepts....

Greece preduced many thinkers and scholars:
like Pythogoras (582 - 497 BC)

but physics - a
scientific
method that
attempts to
explain nature
based on a set
of laws -
probably did
not exist tili
the time of
the Greeks.

I've got it
ot last

-..who conducted experiments in harmony by
plucking strings. When there was a simple ratis
tike 2:3 and 1:2 between the tengths a and b,
the tune was pleasant
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With more complicated ratios, the results were

By Zeus! Pytho
must be trying
419:420
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Pythogoreans
are crazy
i .

Zeno, a contemporary
of Pythagoras,
nearly proved
that motion is

imposgsible
(Zeno's paradox)

Look here: Suppose Achilles and a torfoise run
a race, with the tortoise having a ten-cubit
start, By the time Achilles covers that
distance the torteise would be a little ahegd;
when Achilles covers that, the tortoise would

advance a little further. —r
So Achilles can never catch up with the
tortoise

—-—

That's too
complicated

Nevertheless,
it moves

infinitely divisible

Democritus (~ 400 BC) tried to resolve Zeno's
paradox by suggesting that matter is not

Probably
you're ahead

of your times

About 400 BC

matter is
made of




J Atoms of fire, water, stone and air
5y, which combine to produce all matter

Between 336 and 323 BC, Alexander the
Great was building the first empire ever

Arcund the

FROM
MACEDONIA

Will he sue

same time his
tutor
Aristotle
(384-322 BC)
was
attempting
to build an
empire of
knowledge

<

He lectured at the Lyceum, in Athens on a wide
variety of topics: Legic, Bioclogy and Physics™

Unfortunately, many of his ideas of physics
were incorrect

The Earth is
the centre of
the Universe

Earth is the centre, water, air, fire and
ether above it. Since bodies tend to...,

({/,{// 2 Don't be silly,
“ Aristotle can't
W= > be wrong*

He also thought that heavier objects fall
faster than lighter ones

1 - Shall we

reach their natural
state, a stone falls
while a bubble rises
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*This view held sway
far a long time

After the death of Alexander, his generals divided
the empire, Egypt came under Ptolemy

Among them was the greatest of ancient
physicists...
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Mediterranean Sea
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ALEXANDRIA

EGYPT

Alexandria, his capital, became the centre of intellectual
activity. Alexandria inspired many scholars like Euclid (300 BC)
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you mean
the first

streaker!

....Archimedes (287-212 BC)




patronage of Hieron

After his education in Alexandria, Archimedes retirned
to Syracuse, his native place, and enjoyed the royal

His law of "Floating Bedies™ and the story
of "Eureka" are too famous to be retold

Thank Godl
I don't want
any of that

Archimedes

He was the first to develdp the principle of
statics in his book on the equilibrium of planes*

R

4‘ The force F and the

load W are in the ratio
(; b to & (F/W=b/a) 5o if

You give me a place to
stand ...

a
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enough red, T'll
move the Earthl

Hal
that's
alot
of
wordsl
What
about
moving
a ship?

The story goes that Archimedes actually pulled
a sheep ashore with pulleys and levers

I'm impressed.
You'll be my
military advisor™

* The first conscious application of
the superior knowledge of physics
o gain a military advantage

After Heiron,

his grandson
Heironymus

became the king.
During the 2nd
Punic war

(218 BC), seeing the
success of the
troops of Carthage,
led by Hannibal,
Heironymus broke
his treaty with
Rome and sided
with Carthage.

This led the Romans
to lay seige on
Syracuse

Fa—u

It is said that the war machines made by
Archimedes kept the Roman General
Marcellus at bay for more that two years

When the Romans finally fook the city, Archimedes was killed
by a Roman soldier. One of his inventions the water wheel is

still being used in Egypt

By 30 BC, Egypt was a Roman province having lost much of its
glory. Among the few more geniuses it produced was Hero* who
made the first steam engine*




He elso constructed the siphon and wrote books
on mechanics and catoptrics. His views on vigion
refiected the thinking of those days

Another great Alexandrian was Ptolemy (127-151 AD)
who believed the Universe was concentric with the
Earth at its centre. We now know he was wrong

by the eye and is
reflected by

He also studied dptics, especially the
process of refraction

Ptalemy canducted an experiment and
carefully noted the angles x and y....

~)

= a

Refraction helps you to see the coin in (b) because
light bends on cressing the boundary of water
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Lo

.... but failed to
arrive at the formula
connecting x and y

Hal Hal I

found it
fourteen
The law centuries
sine x later!
and
sine y
isa And no
corstnt.
called as please!
Snell's
Law

After Prolemy, Europe was in
turmoil. The Roman empire fell, <(
A

leaving mutilated kingdoms... o
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Arabian tribes swept through the
Byzantine Empire and occupied Egypt in
640 AD. They preserved and transmit-
ted Greek science to Renaissance Europe

Shhl the
dark ages
are here
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The Renaissance was not really a rebirth for science.
Europe was dominated by religious zealots

N
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Why don't we ever see
Venus overhead ?*

Then came a man....

The religious faith of the post renaissance
era did not encourage curiosity ...

*These questions
O\ have no simple

2 answers in Ptolemy’s
system of the \
universe ... Nicolaus Copernicus
. (1473 - 1543)

Hey !
Why is Mars
moving
like that?*

... Who stopped the sun and set Gutenburg had invented printing The *unhaly” tenets of Copernicus
the Earth in motion! nearly 100 years before this ... were printed in 1543 ...

Let me begin
with the Holy

It's much
simpler this
way

All the same, some accepted the ... and some tried to bargain a bit

But didn't ;
Copernican model at once...

Nicolai say in
his book that
“it does not

represent
reality”

Let the planets
go around the Sun; but
let the Sun go aroeund the
Earth; everybady happ,

predict things
better now

Looks like
it was his

./
)
editor who y S N 2l i 1 ?ﬁ
added that ) f : YAty
bit Ve /

1 Reinhold (1511-53) published the Al

*Prussian table of planetary Tvcho Brah
) positions” in 1551, (1546 -1601)

Tronically’ Tycho's observations made in his
private observatory h Hveen, Denmark....

Tycho observed the flaring up of
new star ("supernova”) (1572 AD)

....had enough in them to support
the Copernican model

and a comet with an elongated orbit....
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The heavens are EZ‘KL

/7’ unchunging - Aristotle |47
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Ali natural maiion is in
cirzies - Arisictle




But the coup de grace to *Greek Painstaking analysis of Tycho's data led

Physics” came from Tycho's student

Kepler to his three laws of planetary motion

An ellipse, can easily be drawn
with a pencil, string and
2 drawing pins: focii

Planetary erbits are
ellipses with the Sun at
the focus

it What's
eilipse? Wh
focus?

()
PLANET
7, LANE
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Tohannes Kef:ler
{1571 - 1630)

-
T Esrsr law (1609 @

Hey, hold

......
an
at’

afy

W It's one of 1h%‘Wﬁ is gi 7
: given &
Z ’% _sections you get by ' by the 7 e The planet - Sun line
sthmgz cone a:!'un angle. // ) equatian.... / - 777 sweeps out equal areas in
ﬂ / / esides an ellipse /‘('/¢,/ 7 / I;}// equal intervals of time.
/ BIb YOU / s o /-f PLANET* /
SEE WHAT / m :
2 EQUA
No! No N4 Yﬁ AREA
ELLIPS \ equation in =
o picture
Let's get vy
back o [ // 3
, ~ Kepler % ==
=, . Thus it takes ~qual
// <Al & 5 7 / time ta go from 1 to 2 as from
7 A /// 3 to 4. A planet maves faster whe
¢ 7 it is hear the sun!
f L= oy, '
Kepler m’ The squares of orbital //// 4 Kenl it simol
published periods are propartional to epke_r' can never say It simply.
P hese o cubes of orbital semi / Lock if two planets have periods
lowes i e diameter // T,. T, and distance D,, D,, then...
"Astronomia ;
MNova”. .
The third %%f////ﬁﬂab
law was ;| Thirdlaw § UPITER
giver, in his A (1619 4Dd) I & MARS
book / / L
"Harmony of V/ 0 g EARTH b? 17
the Worid" " - = —_
(1619) - / E C/ VENUS D, T,
A book MERCURY 2
full of
mysticism! , IL -é- % 4 (PERIODY
'I’,'ﬂ!‘ ) (D / // / /// N
The planetary positions can now be .
predicted accurately The first step towards the laws of motion
was taken by Galileo Galile

We have come a
long way since

T'll dedicate this the time of the
work to Greeks,
King Rudolf The heavens
and are in order.
Tycho Brahe We know how
they move.
But why

do they move?

Stop calling me
by my first
name, will you?

B
5%

X W
Galileo Ga
(1 -1

lileo Galilei ,
564 - 1642) ‘




Galilei, Kepler's contemporary, was never very
religious. One day, while at church, a swinging
chandelier caught his attention

That tet him fo make two important observations
about the pendulum:

At least
it's more
interesting
than the

sermon

One:
the period is
independent of
the arc of
swing*

*Explanation

from Newton

SWING"

the period is independent
of the mass of the
bob™

COPPER

* "Real” explanation from

Einstein (20th century)

He alse knew that bedies of different weights when
dropped from a height will hit the ground together

Hey! did you
throw stenes at
me from the tower
of Pisa yesterday/d

H (1548 - 1520)

faster -

Hegvy objects faii
Aristotle

Stevinus

Simon Stevinug, another contemporary,
hasg showed that the pull of the Earth is
weaker on an inclined plone

e\

)
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Look! There are more
balls an AB than along AC.
So this "machineg” will rell
on ond on! Since...
-

y This is
absurd: the pull of
Earth must be

weaker along A8

7 than along the
g f!_

vertical AC

the motion of objects

Galilei ysed the inclined plane Yo study
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He should have ’
ik

g usa

2

- used his pendulum. I}
() A
JE ==

T did in 1656,
_‘_,,//""

I wish
Thada
hetter

i
e

Huygens
(1629 - 1695)

Galilei found that the distance covered
by fthe roiling ball increased as the
square of time interval....

...while the speed increased
linearly with time

= ....motion with
unchanging speed
needs no pull!

Dex T2

D(DISTANCE)

T(TIME)

See! The pull of Earth

changes the speed
steadily, 5o0....

All moticn is
coused by Force
- Aristotle
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He next considered the combined motion Simplicious / / Well, if the boat is not
in two directions, asking.... moving it will fall straight
i down. Otherwise it will fall
If a behind A, at B
/ stone is
dropped 7 (BOAT IN UNIFORM MOTION)
from the - N -
mast of a ' . o —1 c—=1\)
ship, ) AN : — ‘\ i
i where will | . ; '
it hit the g ¢ Yy !
A 5
Sy i B
hed. - J]w Hey wait. Let the (STATIONARY 28 =y o o= == |
E=, E/{/}/}' qu}“fi’}“ get out I * A character in Galilei’s ;? the s_’roir:_e?fll
"Ll of the way diclogues representing ’ agan hi
,( _r‘fl, j l : Aristotle's school ////j?,/,,,
Gallea realised fhat motion in two o 1+ mowieg This led o the *Galelian Principle of Relativity”,
1 [1+] 1] ~

with increasing
speed ?

Uniferm motion
of boat retained

P

No mechanical experim

performed inside a closed
by stone. - hen cabin can distinguish .
X]:”- f‘“h Simplicious, uniform matien from a
of stone yau're right. @ state _Ef rest Qd.
/ W The stone will h e I
fail behind A,

I like the
sound of

Yf ‘ uniferm
- - motion is J
A0 Qh . .

Position of A when
stane is released

‘Awhen stone

hits deck

3 y /{ i e R A ar” 277

Galilei, constructed the first astronomical
telescope and observed the heavens

Way, masses
of innumerable
stars planted

/ 4 Jupiter "
i ¥ Venus and Mars, il with three
cndvals. . JFR TS B gy moons v

: . W like our Maon_d, .él“"f;' around it /7
Yy ///&// //{u//////llﬂh Forw,-: it A ’{ %{]Mﬁ[ ”/”///7/5[ /

observations fend
undeniable support

ﬂ in clusters. 4 7 to Thzcizzfrl‘nicnn
/ ’/ A s ik ////, /i ; //

Is all ph)-/sics

That was more than the Church coyld
tolerate. Galilei was, put into solitary g/
confinement and forced to recant = another ife,

/ / // /ﬁ // L — . to ?:;s—a;f?hz }
/%// %Ml / i AR /,/ ahan
WY o V== )

Let's logk

% at ather
33
7
4 T abandon the false
7 opinion.... that the : o
Sun in the centre.. o Galelio Galilei, one of the

greatest physicists, died, blind
and tired in 1642

!




While the
science of
mechanics
was racing
ahead,
magnetism
and optics
were
crawling
along....

Lode stones (natural magnets) were known
to Chinese miners from ancient times
(2500 BC)

w0
!

He's stuck
with it

Fs

i/

2
fidia

48

Magnetism was always associated
with the occult

e

Garlic
destroys
magnetism 2

Magnets help the

entry of the soul
into afterlife

It is not known who discovered the
“north seeking” property of magnets

magneti

But even as early as 900 BC,

navigational aid in stormy seas

¢ needles were used as a

maghet was © 4
moved belowa ¥
silver plate, a
bit of iron on

The poles of
a magnet are

’ eg?s
Perigrinus -~
~ 1280 AD »

-
=z

) oA

Like poles repel

poles attract....

while unlike

Perigrinus, the French engineer, probably conducted the first set of experiments with magnets.
He noted mahy important features:

...and it is not poessible
to separate the poles by

Mcuﬁing the magnet!
% Al

His explanation for “north seeking”
behaviour was, however, wrong!

That is where the matter rested
until the time of
Wiitiam Gilbert

(

He noticed that a magnetic needle
shows a "dip" towards Earth when
vertical motion is allowed




Keeping ¢ magnetic needle near a spherical This made Gilbert suggest that Earth is a huge magnet!
magnet preduced a similar "dip”

Magnetic - Spherical / L '{ /g,;%%///f///;%

needle ‘ ¥ .

/4

»

%

Il O
7

The compass
needle is
influenced by
Earth's magnetic 'y
field A ,".,'{":,:i
2z 9”1)(!&!’%5”4’&:2/{.@2}

It was known, since the days of 4 7 . hi
i t

the Greeks, that rubbed amber g " ?:{;l: T‘L:‘?fg;g: o?

could attract pieces of straw.... Another ; the Nile or be

branch of N rieeg A tortured to death!
physics ' 7
wherein some
development
took place was
Optics.

Al Hazen

(965 -1039AD)

led an | Al - Hakim, the mad

gventful Catiph of Egypt
life....

...Gilbert discoverd this effect in many
other materials and called them "electrics”

Al Hazen pretended insenity and conducted his
experiments secretly!

7 / '
/ We see objects

by the light scattered
p by them. The eye does

e not emit light

Al Hazen studied lenses and the phenomenon of refraction
and reflection but failed to invent the telescopel

codt that

ﬁ;&%ﬁc ‘ " it f XA Clearly, mechanics was the Z.
T /} 4 queen of pre - 1600 ]

,* . . l 4

) physics! 4
| s '-/ . ) LI

produces
better
focussing . | R
_ A i e




During his last days, Galilei
had an able secretary....

Torricelli was intrigued by
the action of a piston

E. Torricelli {1608 - 1647)

As I pull the
piston, the
water flows in....

-~
-

...provided
the tube is
not too long!

1 foot = 305 cm

He concluded that it is the weight
of air that supports the 33 foot
_column of water

Above the mercury column was the
first ever man-made vacuum (as can
be verified by tilting the tube)

Otto von Guericke (1602 - 1686), a contemporary
constructed the first air pump

T
' —..or 76 cm %
of Mercury! .

VACUUM

Candies can't
burn ina

i \1%’ i /-?
/ D WELGHT ' Y0/ Téems 7 3 (P
L ] ' OF AIRJ( ;"
76 cms 7" 1 /:'f’-
/% rﬂl
L A 7
X\
7.~ MERCURY
Nor can seund His famous experimer_lt demons1ratgd the These ideas were taken further by
be transmitted "' power of the vacuum in which 2 hemispheres Blaise Pascal (1623 - 1662), an

in @ vacuum

held together by vacuum couldn’t be pulled
apart by teams of horses

infant prodigy

NG 7P
,;f/ now, but there

RN\ goes the ¢ra
é:,/:k - ! ‘,/_
3 A
) Lo ] o "

) 2 L% "-(‘ Iy

Pascal wrate a treatise on conic sectio

calculating machine at 19
¥

p He isn't

he's usefu

7
‘ .-/
!f’f/i,&

éﬁi‘:ﬂﬂﬁ'

when he was 16, and made the first ever

normal but

ns Pascal alse founded the modern

Theory of Probability which was
extensively used in physics later

il

I
Y

obtained even in
completely
uncertain
situations

He realised that pressure applied on a
liguid is transmitted undiminished

PRESSURE

What earthly
use is that?
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Pascal reasoned that the
atmesphere has only a
finite extent

His brother-in-law verified ]
this by climbing a mountain
about a mile high

=

!I-le.y! If's
ower by
/ﬁ } | ”--l“-“. Smches! /&@j
e v
READING

Z N

ﬂ 76 ¢cms

| {

a different reading from one

I 50 4 barometer cna mountain would have

on a plain

yourseif
slowly and

barom-
eter tube
as a scale

use the| §

Drop the whole junk
and time the fall

him to dao it

Bribe someone
with it and ask

The next significant step
in the study of pressure
was taken by

Robert Boyle
(1627 - 1691)

Just after the English
civil war

A set of schelars formed the
Invisible College, a discussion
group Boyle belonged to

We must
experimentt

Once King Charles come to power, the
Invisible College became the Royal Society

faachh Y
* "NOTHING BY
MERE AUTHORI TY"

Helped by his able assistant
Rebert Hooke, Boyle made a
series of investigations

....showing that compressed air
exerted more pressure

Me always
second fiddle!

R. Hooke
{1635 - 1703)

MERCURY
PRESSURE

Pressure o

1
volume

...the fact that air could be compressed
led to an important conclusion

If air can be
compressed it must
be composed of
discrete particles
separated by voids




The latter
half of the
17th
century had
an
impressive
starcast in
European
science...

(1629-1716)

C. Huygens v

Al 7//// ?

"f =z ‘“ ’/
* 1 .1 l“d, .
H B :i R.Hooke
. (1635-1703)
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E.Haile

(1636-1742)
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Newton, a christmas baby, was cared
for by grandparents in hig early years...,

Isaac Newton
{1642-1727)

He graduated from Trinity College,
Cambridge (1665), and survived the plague
vears (1666 - 67) on his mother's farm

He looks
a bit
duli

PRSI MY

?
SHRIE

T
_ o

\J
f/‘l'?. :;__: -

Once out of Academic Institutions,

The binomial theorem
is a rule which allows
you to evaluate such

expressions as... //};

2

his genius flourished

e
Hal I knaw ")y~ : b

how to do ’ | /
2 {a+b)" //‘; 7 2: ?/
7 | .
i
bl =i *Binomial thecrem”

(a4 b)' =a+b He's is
(a+B)r=a%2aby 5" L ‘iy = ;’W the
(a+b)3 =akadb ¢ 30k b3 Axtalx dx culprit
(@t by = diactbied b abtrtt j% dx=y

with the

, )
=z (3

Big //f‘»"@

deal } ,/ ‘@""‘.

Fa %‘uj

Sarry to butt inl But |
I alse developed
Calculus

Also in the plague year was discovered
the law of gravitation (published 15

years later)
%

makes The apple fal
keeps the moon in

=N

He also started

infinitesmals leading

The same force that

The laws = carth ond
hegven are difterent
- Aristotie

///////////////}Z/Afw /’/W/W///////////é




He also performed a series of
optical experiments gt this time

A single colour,
however, is transmitted
unchanged

White light is
split into seven

¢olours by a
prism;

PRISM 1 PRISM 2
LG,
whTE
- And a second PRISM 1 PRISM 2
PRISM prisn??cgncc:mbine SCREEN
1 Jal -
i Newton concluded (wrongly!) that light
Idid h . ]
all that consists of speeding particles
before! + - 1
- e T
experiments
brought
Newton fame il
and honour ol|e (less pull)
(Cambridge
professorship
in 1669, FR5 (greater
in 1672) and puf)
also life long
enmities, for Reflection is just the
example with bouncing of particles:
Hooke refraction is due to greater
pull on light particles

I't was Huygens who was responsible
for an alternative theory -

Light, like sound
travels as waves

Since sound travels round a bend
while light does not....

W OCh,
stop
b, fussing

Newton rejected Huygen's
idea starting another bitter
controversy

All these fights!
Why should T
publish

1Y)

/ //T:f:i/‘Zx"f/.Af 77

Your results are
very important,
I will arrange
publication

S g )
’ ‘h'f\'ﬁ?u' ._m \'& //_-’l/m] l\ \\\‘i{f{ !

- and led to the publication of ' Principia’

Newton's' Principia’ represented the climax of the scientific revolution
started by Copernicus - a milestane in the history of mankind

T Nature and Nature's laws T
tay hid in night:

God said, fet Newton be
and all was light.
- A. Pope




He codified the laws of mation, conceived by Galilei
Second law:

- Acceleration = Force / Mass
In his - H 7 voure
"Mathematical 1

Principles of
Natural
Philesophy,”
Newton
developed a
comprehensive
scheme for the

mechanical
universe
unless an external force acts on it
And the famous third law with and downs.... With tremendous intuition, Newton

h how can it ever
=t H = -~ W move?

its ups... - If the cart pulls| | postulated gravitational attraction
7 %‘, me with the between any two bodies in the universe
‘ ——, /ﬂ"%} same force as I - — ﬂl——f‘:ﬂ us
‘ I the cart | F0 Al T :
v H — { ] (A pull The car v -m,u ot m, \STOP
-

To every action there is an
equal and opposite reaction

Newton could now derive Kepler's laws of

U b
. . . PRECESSION OF
plonetary motion, setting the heavens in order.

| EQUINOXLS

He could explain the irregular mation .... and the "wobbling" in
of the Moon.... the Earth's motion
In optics.... In thermedynamics.... In electromagnetism...
As we shall
see,
Newton's Z/ ,
mechanistic
view of
nature Electric
influenced waves are
physicists mechanical
for aleng / vibration of
time to aether
come / y
parficles obey

%
éé;ﬁ

laws of motion J.C. MAXWELL -

(1831 - 1879)

=P




The

post - Newtonian
years witnessed
a series of
simple but
important
developments.
Roemer
measured

the speed

of light

Light from Jupiter travels further in 1 than in 2.
The eclipse of Jupiter's moon will be delayed

Measuring this
delcy and
knowing AB,
I get the speed /
of light -
227,000 km/s*

*Modern value
299,792 km/s

Bradley was
more accurate
since he used
the parailax
methed

Just as a man walking
in rain keeps his
umbreila tilted.... ’7

....the telescopes should

be tilted to account for

Earth's motion )
_r///j i

nowing Earth's speed

and angle of tilt,
I found the speed of

5™ 1% 7 BRADLEY
W Z=] (1693 - 1762)

G. FAHRENHEIT

(1686 - 1736)

Forget it |
Do it this

(1701 - 1744}

Fahrenheit liked strange numbers

Mercury is
better than
alcohol

BoiLiNg
WATER

180 DIVIS|ONS

:{‘ Z

pr
— Liquid; boil 7 { -pressure e
at fixed 72 is
N temperatures increased -
I3, except whe%ri\ ;:—-— =




That there is
more to heat
than just
temperature
was first
recoghized by
Joseph Black
(1728 - 1799)

You've to heat
water to get

Temperature
does not change
while melting
and beiling

to heat ice to
get water

...just as you've

Clearly, s
contains mo
than water

-
team
re heat
- aucht

He named the quantity of heat a
calorie. I't was a peculiar object....
A

weight!

ho

But quite useful

w'f/// %{/[///’%//// |

I think
I can make a
calorie work

James Watt
(1736 - 1819)

To be sure, steam engines did exist
befere James Watt. ..

But Watt impraved the previous structure
tremendously by ingenious designing

e T~ =
'//Q ~G S e
TUBIN =
&
A
e 7
MiNE //// '
7
You can
say that
againl
Savery Thomas
(1650 - 1715)

By the 1780's
steam power
was being
used a lot,
heralding the
era of the
Industrial
Revolution....

gfj""."' —

COTTON MiLLS

([ et
e Q]]Ef '

Revolutions are somewhat
habit - forming




There were others to follow: in America

—

And in France...

REQ
LN

(1753 - 1814)

I'm going
to
Britain

)
Count Rumford

97..98..,
99.... hal One
more for a

century

L]

Heat \
causes
motion....

....and the motion
causes heat; are
they related?

Heat is a
weightless
fluid

A3}
#

il
Lavoigier 7;
(1743-1754} =

And friction
loosens up this

Rumford measured the amount of heat
produced on a brass boring job

More heat is

fluid, causing

Oh yech!
let me

releagsed than
required to
melt brasst

Since all this heat
could not have been
in brass....

...friction
must be
causing heat

Having
dispraved
Lavaisier,
Rumford
proceeded
ta marry
his widow,
The
marriage
breke up
soon with
bitter
words

Lavoisi y In the meantime,
avoisier 4 electricity was

was Jucky C -
to be 7 coming of age

guillotined




( AMEE R\ People knew how to store electricity
55 ) s
by Can I have
&
it
L [ electricity /e
please?

known by
the 18th < >
century D C_ D) 7
[+] ere
"~ GLags 7 (L

—> "Il’ = afjaf' ﬁf
T = res
t was RE PULSION] ?«.
i)

are two ‘
kinds of ]
electricity ATTRACTION H ' [
S Y G ( Ty 0%
AMEER GLASS N s P ﬁ;-,ﬁ
X = o8

Among the many scientists experimenting with the

A Leyden jar consists of two metals separated
Leyden jar was Benjamin Franklin (1706 -1750)

by glass. The inner metal holds the charge

That
looks like
lightning

Frankiin proceeded to check whether lighthing
was really an electrical phenomenon

/ CanI

see
Mr. Franklin?

DI

N
e

NN
oy

electricity in the
lightning charges....

\

shockingl

MR \—’\\

.-

/’ Electric fluid can be in excess (+} or in
7

(111) g ; deficit { - ). Excess attracts deficit
% . .
7 3

Oh, Benji
says it
saves him
from
lightning

.... and theorised about electricity




He devised a torsion balance to 7 // '
measure small forces 7 The electric
— force is inversely
ok Straw proportional to
7N square of the
2 distance
|__—ThinWire %,

The exact law
describing an
electrical force
between bedies
was discovered
by Charles
Augustin Coulomb
(1736 - 1806)

e ————
Meanwhile, a shy, recluse, aiso discovered this balance‘and the law
Keep that tray over He went further But never published
there and go away ‘

— fast! T can't stand the \. m -2
=z sight of wo A 1 can find z98icmsec
> Newton's \

constant &
¢ M

H.CAVENDISH o 4 Hmy
(1731 - 1810) He S\ J (i ... and thus

is \ \ 1
s o mm calculate the
W/ crazy \ F=G -(_';-,,—" [ \\\nfiof Earth

AY this time electricity was produced by rubbing some
materials together, But some fish could be better

Another example of
animal electricity

i
»A 2
Tz~ \

A, Valta
" ‘ (1745 - 1827)
However, it was just chemical The votaic pile made life easy :.‘.u*:d br‘ough;l?gnoulr-s T:: Valta KE‘I"E:EUP
electricity, as Volta showed for experimentalists.... in The cour? of Napolean! 600D

No animal
tissue is
needed

WORK)

-

Y
Y

a
Emperor V

likes o Current
favourite,

him C%? :__. eho

COPPER

cardbeard dipped
in salt solution

SOLUTION




© ... of electricity and magnetism

experiments

Hal N
The valtaic an electric current )
pile made does things
electrical to a magnetic needle \

easy leading S
eventually

H.5.0ERSTED STEADY
to the (1777-1851) & CURRENT
unification...

{1/

TAIC

The needle is deflected
depending on the direction of
the current

47 (P
A. M. AMPERE 4
(1775 - 1836)

The experiment was followed It did!
by many, especictly Ampere
Daes one current 7 When the currents
A affect another? are parallel, the o’
D wires attract, Mmm... SR
A 4L W —: -
// (=] A .
! R€ °
= W]
] / ? - 3
L // ' ¥ Mo
-

" o’
vOL- XN fo .7 ‘
TAIC A i ¢

E. o <> | \o
o > ¥

it

WAL ILISY

Let me wind around
a fube many furns

Probably electric
currents produce
magnetism

.... and pass
a current

Remarkably enough, the tube
behaved like a bar magnet!

through it

L

L

v
5/

VOLTAIC
PILE

Y/

Electricity
can cause
magnetism

v33ags

GGG

Magnetic materials have tiny
electric currents in them

4%-

It was a great moment in history l Ampere guessed right about magnetism I wonder if
maghets can
// 4 produce

electricity




As one of ten children of a poor
blacksmith, Faraday acquired an early
advantoge...

The answer was..,

...and pyt it to good use

Your book is
bound but I'm
reading it now,

Come

Look sonl
I can't afford
your schooling

B
S ————P A
. £ E——
——— —— =
— .=_==.£3r_=_._...=|=-._...

Having got a job with Humphrey
Davy, he started electrical

...and came up with startling resuits Clearly, magnetism caused
electricity

/ MOVING

A magnet
moving in a ceil / / MAGNET
produces a /

current

N
// : MEASURE CURRENT
:

/.
| | === co/{/’,{/ %/ 7,

He could be
my greatest
discovery

He did and constructed the first Faraday's fecture demonstrations
Why nat “transformer” attracted vast crowds
use an ~
electromagnet? ; Fiectricity f
20N couse
A, metian

A changing current
induces the same in the
second coil

He designed the farerunners of the electric motor
and the dynamo - twe milestones in technology

Probably
more
important,
he
completed
the first
unification
of
electricity
and
magnetism....




Bah!
Light is

7

As we said
before,
Newton
thought of
light as
particles,
thereby
casting
sharp
shadows

iy

T

NS
{

b :_-\\! l

Shut up, Christian, the

particle theory can

explain everything!
v &

Everything? Not quite! There was this little
trouble with a crystal called Icelond spar

Iceland spar split light inta two beams...

Hey! Sodel,
I see

double

nY (( \ p
e

BARTHOLIN
(1625-1698)

|

@:@

N
X

&,
» .
ALY
. TWO IMAGES =7 ot
N
A

o8

CATET Y

[ REFRACTION ] @ [oousLe REFRACTIW@

But then neither could
Huygens!

.which Newton couldn't
explain,...

These motters rested until the time of
Thomas Young - another child prodigy

Yeoung ‘&_,é
showed that b’
light
undergoes
interference
and
diffraction

Please
der’t change
nappies, while

I am reading ¥51=
4
WA
) o
e
SRS
Y T. YOUNG

(1773 - 1829}

Two waves
con add up
and produce a

Or nothing -
that's
interference

large wave/
-
A

A wave can bend
round a hole -
that's dif fraction.




Let me send a
light beam
through two slits

i Interference will lead to
aﬂ bright and dark patterns
(™)

But the wave
length is very
small

Two light
beams adding
to darkness

That's all very fine
but what about
Iceland spar?

Mon ami |
I cen
explain it

Well,
Huygens'
waves
couldn’t

That's because
they were the
wrong kind of

[ ERA
LU

Lot e

+tda®

MY ot LA
R 1Y M

*.... Lightwaves vibrate
perpendicular to the direction,..”

"Huygens’ waves” vibrated along the direction
of travel, like sound waves....

Ly, T ——
s
i =

.,‘<\§5

W
LW

Nl

Y,
- N
NS

|

e
<lcomsession ST

P LONGITUDINAL WAVES

- O

.... and thus can have
two states

@

Thomas is
right, I can
prove it

differently

FRESNEL
(1788 - 1827)

Tell me smartie!
what exactly is
vibrating in light?

mm... well _.er..
what about a
tenuous medium,
call it aether?

Maybe we
haven't
looked for it

. PR PR P
i

1
7

A

Interesting
isn't it?

Pxaren pal
f;/////




The nature
of light

was
illuminated
by another
intellectual
giant

James Clerk
Maxwell
(1831 - 1879)

Yet another infant prodigy....

I
Hal
Hal

age A
Z ¢
§ 0

£

4
4 =i
"Daffy" 3 T o .Z
Maxwelll e i Sl ™
Ha Hal - T
4 g TeE T

..whose first paper was read at Royal
Society of Edinburg when he was 15

You know,
this boy
‘reafly has it

Later in his life he looked af electromagnetism....

Let me put
together all
that we know

Collomb's

Forget it!
That's the way
pecple write it

nowadays

)

\"" w2

o) Qveecn 12232

And then
there's
Ampere's

....current
produces
magnetism

\ / stuff due to
é Michael
4

Magnets can
produce

\ electricity
v
-

K’ U

) -:' ’/ y “.\
;5, o
' ?le‘ /

A7 p
y
i

:

R

Oh! my! myl
These are

l/\n;okny!
fad

. Let me calculate

The correction led to remarkable
consequences....

are wove
solutions to
these equations,

the speed




Meanwhile
equatichs
showed that
oscillating
tharges
radiate
electro -
mognetic
woves

That's the sime
as the speed of
light!

with frequency f

Light is an
electro -
magnetic

That was another great moment in
history a unification of electricity,
magnetism and optics

-

And thus E M Waves can have any wavelength!

i

\

N

SHORTWAVE

" (1]
Zggo E g;
ﬂ.g%g gq:&i
4 3 =z | £ |¢
b_ -
Pl S EIN EE|E [
u—ﬂ: oot (‘.
z |21 = 21 x| g |8

) Y
,///,7/////«///4@///2

S
N

.
.

Infrared and ultravoilet radiations were already known

Herschel
(1738 - 1822)

The region

ive on silver

viglet is most effec-

and E M Waves were produced in the lab soon

beyond

chleride

How's it
going
Hertz?

Well, making
waves, Herr
Helmholtz

mm.... what do
these waves
propagate in?

it's aether

L,
/ s Y
£3 e
] ? EINSTEIN |

%

These look like
loose ends |

Neo my dear!
A lot was
happening at
those ends
too

OERSTED
FARADAY




1WAV 4

. He soon found the
Terriblel % How efficient & answer....
—~ Slow and Q(;- / €an a steam =
Joini expensive engine be? —! .
h°"1r'"9 Hmmm.... even
eq p o )
= ' o
. 22
mechﬁmcs ‘ —g/.." o [ perfect
into £ @ o(';— -
“thermodynamics” & {4 i
was the . {d k ;
work of many. = % P
To begin with 7’ L Sl
there was Horses are A, )\ Rk
Sadi Carnot better > % -’} o
== [\
L 5. Carnot
2L : (1796 - 1832)
%‘ My, L il

The efficiency of on ideal
engine was less that one |

[e=1-G2>

T, = steam Yemperafure

T, = cooling femperature

P ¥ it ‘.’"’
= 3
2 /
— |t
=

Now, now, let

The connection between heat and
maotion was pursued by others

The engine
you sold me
ain't working!

me tell about
Carnot cycles....

(1818 - 1889)

W. T Kelvin
(1824 - 1907)

Churning
heats up

... and had a scientific honeymoon

should be
hotter there,

Finally he formulated the theory..

41, 800, 000 ergs
of work produced

| / 7
Py
one calorie of

¥ heat

J éé e,

o

1U

what's all

Revolting
stuffl
. isN'T it?

this junk?
]




Joule began to be appreciated mostly When a
through the influence of Kelvin rolling ball

comes to

It has converted its
kinetic energy to
heat, thus raising the
temperature

Come on now!
He's talking

rest....

Kelvin now realised the importance of Heat as a form of energy led to the first
the "absolute scale of temperature

| n k p ... disturbing questions |
he had devised aw of thermodynamics, and to some....

@gy PUITH ook Thomson! Why

M = D B v

N

————

Zal=/| o\ =)

IB27777,

here = = o,
A Total energy / '
= Heat + Mechanical \ I
energy | HLF von / FXL)
= Constant Helmholtz ///

j 2
motion o
—-jo0* J ceases FIRE o /

(1821 - 1894)

The answer was the 2nd law of

What
thermodynamics;

disorder?!

Look! When this

ut it will never
lid is removed /

go back to the

T oy

oy @gjdl it state on ? B
" s ‘ E ///’ . /
2 3

SENN

' system cannot
reduce its level

7

L 645 Prvacom]

z é//////

.‘ k. of disorder”

! /- 7 (1>

(1822 - 1888)

Y Z7 77 , 7 * also called entropy ///////////////
9

The 2 i i . .
e 2nd Iarv explains many observations.. But to explain the 2nd law on

needs kinetic theory of gases

never?

A ball does not roll by itself
lowering temperatures

Heat does not flow from
cold bodies 1o hot ones

= Y

@ ilk and coffee, once mixed,
do not unmix by themselves == =~ 5. Baltzmann

~ 3 (1844 - 1906)

RN

wé_(]

(23




Gas consists of}

large number of
molecules obeying
mechanical laws....

5. BOLTZMANN Thus gos properties
can be derived from

mechanics

The )
camplete

connection 7 A ,. ) m E
between . {Jl{' .‘ 2 .
heat and ——_ P .
mechanics = ,4;(/ G = % " E
was f: 'E3 :‘11 “ iRy e , if
STAE A 7 .

established

: LA,
-, d i1 rj —
by the "4 ' \‘L‘] W» >
works of & \ 7
Maxwell % // (’,; > The
and . / // C\ £ nature of
// \ matren
/ { { we call
heat ... M
\hlt---. ."llﬂ
) ith
Why don't all the melecules of =3 Simple! The The chance for Iogfrg;:rgﬁ:sle?::is
the gas stay like thig? chance for one L N molecules is number is so low
molecule to be (1/2 x /2 .. N times) that it never

occurs

P= (/2N

¢ 38 /
I

/ is {1/2)
O
oCogt g Z ‘ / ‘/xo‘ v o
g"oa Ca %‘ 0 &g
a &
F-4

o

. 0
ooaog EMPTY

T,]—Tomfvolumev | // // /////////

Boltzmann explained that pressure was due ...50 that temperature became just q p ion Bol
to melecular motion.... measure of random motion of motion Boltzmann
. o - associated fixed energy

VIBRATION

.
qQ
o bgqg

E = 1/2 KT

Pressure
= (number of coliisiions / sec) x umomentum}
~{nv) (mv)

- LY .
) <
It's a hot K\\ \
Total Energy = 6 E, |

Similar difficulties occured when Boltzmann's ideas were
used to explain emission of light by a hot black cavity

[Average velacity = v |

calculated
.. Which / R specific
seemed o heat of
to 74 gases is all THEORY
explain
many
observations
but QOBSERVE
not CURVE
all !

«— ENERGY

FREQUENCY




Rayleigh computed the
number of different
vibrotional modes for
light in the cavity

-y o =

Let me see,

~ LORD RALEIGH
(1842 - 1919)

the wave-lengths can be
2L, 2L/72,2L/3 ...
2./10 ... 2L/1000...,
o - There can be an infinite
. f‘/—l = . number of them.... 2

...each carrying an energy
(kT) there will be infinite
energy in any cavity

First indications of
rigorous theory leading
to manifest nonsensel

e 72

I ',/ /I;’ /

,%%WV\&
£ S, ~

1. Pec,,-ﬁb ——
ey

iz ;
7 o
aP - oot >%'Q

\

\
hY

AN

Look, I can throw
these with
velacity v standing
The
behavigur
of light
was to F7a)
create . { )
more 4 »
headaches ? TR
2o0n ’Eﬁ N y
% I i
[l
E. MORLEY I8
(1838 - 1923) [¢8

So if I do it running at speed
u, then they trave! with
speeds (v+u)and (v-u)

7,

pr ///'ﬂ/, & ,,// /,.ﬂ/
RS Wi
’0 ' iy _.-1..'(]" ]

Hey!
carefull
7 /

e

"Light was supposed to travel
by vibrations in aether....

...in which case, Earth moving through aether wil! change the
velocity of light in different directions”

[/" Jaicr

A sensitive experiment to
detect this effect....

... produced a null result!

Is the speed of

light independent
of the motion of
the source?

C
/ , WA
. . 7
/// Earth's velocity v /

hysics, Herr §
Professor? A

.

A\

N

y

g/Oh. good! Good excepi*l
i for these specific

heat and aether
experiments %/
f

[ That's how physics was at
the end of the 19th century




... aboy born in 1879, Albert Einstein Albert's early life would give hope
to every dumb ritwit, ...

Pauline,
Albie's so dull

The

problems of
classical
physics led te a
drastic revision
of basic
concepts, via
relativity and
the quantum
theory.
Relativistic
revolution was
the work of ..

Ach, at this
rate may end

... ond fails miserably at the entrance Joins C Antonal School at Acrau
test in Eth, Zurich and graduates in 1896

1 ’/;7///// Youve 7 /"T'he key problem

‘ / =, flunked in is to reconcife
N French, mechanics with
electromagnetis
//' \._/

Einstein,
your
presence is
disruptive

English,
Zooilogy and

o 7
‘W/ ll !?.luw«ldl

SIS
Venii;

] Albert used to discuss physics with
You're sure Oh Lord, his friend Mike Besso

. this is the
ou must be
After five patent office? Y the new

Look Mike, according to Newtan,
the speed of light is independent
of the source of mation....

years in
Zurich, he
gets a job
at Bern,
only
because
of the
influence
of a
friend
Marcel
Grossmann

More
coffee?

But we don't see
_this effect, right?

So, abviously Newtanian CEA “speed of light is
ideas are wrang! P independent of the |}
Z source of motion" -

3
MICHELSON] [MORLEY

How truel




/ To begin with,
the flow of

"we shall raise
 this conjecture
- {"relativity"} to

Albert alse
believed
that the
Jaws of
physics
should not
distinguish
between
state of
rest and
state of
uniform
motion

Watch
out for
the
Churchl

preve a
ot of
stuff now

"Use a light beam to Light travels different distances according to different observers”

measure time Different distances,

same C.... Mmm,
different rates for
watches!

T W= -
1

-

!
]
i

52,

- ——

Light has
travelled more
thon 2L

Albert had j a few mare "simple conclusions:
¢! / stop these ' {i) simultaneity is relative
maddening | | 7 Al start Xe &
derivations sfj/: Simulta- ¢/,
and get on with
\ The facts!

Calculation shows....
—

R 17/ O el
e Wl il

By
#}Qﬁ
X

Albert, however, was not satisfied

— -

t = time elapsed for man on road

t! = time elapsed for man in truck
v = speed of truck

Absolute time flows equably
without relation ta anything
- Newton

(i) velocity addition is different and ...

LY:

7 Y+, -
Pl Uiy | urwe
KiNsTig Y=L incomplete,

Why only
uniform moﬁon?/

Sl WY, 2

2 \ v
2

/V
y .‘ Haw fast is that light?

let me se‘g:“: /
w= t+z‘i =¢ . of this century

wortl,




Dissatisfic.
with the role
of motion
Einstein
generalised
further,
constructing
the most
beautiful
theory
devised so
far

You can find whether
a frain is accelerat-

= special
wlrhan' p I'"”"’ relativity
needs to be

So you see,

All objects
have the same
trajectory
under gravity....

stealing too
many of my

..and inan
accelerated framel

This pewerful principle of equivalence
allowed Einstein to arrive at o theory
of gravity....

MO

of course
lcurvature leads
to attraction

a curvature
of space time!

G

ated frames are the same
7"~ 05 gravitational fields?

EaiN

1 1 i X L1

The Sun “curves up®
space, and Earth travels
in a straight line...

Straight

Tl

Einstein the
ball is going
o Straigh

" Going straight can be a
tricky concept

A straight path * in a plane map,
for example, will be...

I was going F
straight

*Straight path : Path of least distance




..longer than a straight path on the giobe! The geometry on o curved space is very different from that on a plane

e

&

BOMBAY
At B+C =180° :
'8 AvgycT
L ECTION OF Geometry onh a plane Geometry on a sphere
GREAT
CIRCLE
1. He could explain an (unaccounted) 2. Light undergoes a shift of wavelength
precession of Mercury (towards red) in a gravitational field
Using the .
correct —M ur ave Length
g:;:ﬁgfry e Absarber trz) |
for curved '
space fime
Einstein
werked
aut the
tonsequences
of his theory
of gravity
Light Emitte
Path of Mercury due to Einstein Verified in 1960
. . . g M
3. Light bends while travelling % @ The photographs of the star
near the Sun....

‘ ‘ dramatically confirmed the theory
7 AMADUY
7 o ‘,@0‘\ Look Prof, % e © . Good! very

e svar - d -
i&? A “';os?fiﬂim Z Eddington T
& = / remarkablel

hope it's all
worth the
trouble

Yes! yest

wonderful
‘\ ’% oe theory!
Star - actud ¥ rf;'/
pasition 4 . )
/ e Oh, er..I
i i 5 1 ) TaN h
... producing a small change in the star's image. s, Lorf z meant the
This was tested during the tetal solar eclipse in 1919 - ol photos /
s
Never nﬁecﬁﬁfy Fortunately, Einstein remained
since " address our a human being till his death
Newtan ‘ i meeting i
has a
single man
achieved
$o much
or
become
so famous

%&




While the
relativistic
revolution was
in progress, ah
army of
physicists was
trying to

structure of
matter To
begin wits
there was. ..

understand the

,-‘ . 5ir William Crookes (1832 - 1919)

0 ”"f/{/é/

N

AN
N

-
NN

AN

N

He noticed a stream of rays from the
cathode of a high - vacuum tube....

To air
pump

Cathode Anode
- ve +ve

| LARGE
1)1 YOLTAGE /////M

Could they be
electromagnetic

!

ST

These rays
cast
shadows and
can rotate a

middle

wheel in the X7 4

7
v
il

there's a
simple way to
find out

— B Look! they’ Vi
‘ .:' W decm,‘?ec'reg{’;e“

magnet! They must be

charged particles! %
7

.

;_:_‘\‘.\\\\
1\ ¢
" ag

TTRRNN

these particles

Two decades later, J.J. Thompson
{1856 - 1940) determined the mass of

Meanwhile, Crockes' tube was eading to new surprises

Eh?
Why is that

E N R 1T d
v r

Hey! they have a
mass ( 1/1837) of
¢ hydrogen atom [

=y
——

U

....Opening up the
subgtomic world

\
)
ny' ‘“'q f
Sy
)
W )

A
i
ﬁ\'

— /. P
— = ‘= =7 ;
=2l % , o
== é‘ =K
==X\ /1=

N

AP Let me wrap

- L7 . :
- R ;{/’gf'},:f # it in black
e W—1 |"'7"
7z NE=E NNl
i
*

T

. luminescent
Py poper glowing?!

With
systematic
expertmen-
tation
Roentgen
couid arrive
ot the
correct
solution

/ This is a new kind of
radiatien capable of going

..... through most material

=

Yicizry,

I assure you madem,
this cloth is opaque




He proceeded as follows:

X - rays were

Potassium uratyl
sulphate

investigated
by '

A. H. Becquerel
(1852 - 1908)
the French
physicist - who
was looking
at the

X - rays
emitted by
fluorescent
material

Flucrescents
material absorbs
light, emits
X-rays

Photographic plate
wrapped in black paper

Then came a cloudy day....

e

Something prompted him to
develop the plate even though
it wasn't exposed te¢ sunlight!

What!
The plate's
fogged

T

i)
Feqe

This idea was actively
pursued by the Curies

oy

. % What kind of
P f‘f/a-_?-. radiation is
o 7y VARSI T, This?
7K /4 ;:;%.\‘b';/}f”,;g
N Pttt o

e

The onswer was bizarre

There are three kinds of
radiation : alpha, beta and gamma

¥ Look Marr’e! /)
7 o %

this radiationfZZ==; \Lg
Source ;, // ,‘J‘F' /’ /
% % P, . 7
BETA % //Z ﬂ?/’@ W\ 77
NYSLG {/ % '\ o %
[ | s 1N
ALPHA ’_: P ﬁ,@-’{/ vz
iy,

we must isclate
the source of

Becquerel was forced to the
startling conclusion

The uranium

compound is
emitting

radiation on M
its own

Radivactivity opened a new
dimension to matter

After
years of
toil they
isolated

of powerful
radioactive
source

- "radium”

Atoms must
have internal

S’rrucfuy

Think of atoms
fike This:-

stuck in a bleb of
positive charges

)
-ve charges

nj N

A




Thomson's
model of
the atom
kept both
positive
and
negative
charge
together

ina
water-melon....

~N__ 1/ )
Just like seeds

distribution

- ve charge
of +ve charge

stuck in it

| Q‘HOMSON'S ATOM

There must be a way
of testing this

If I hit the atom with
an afpha particle....

.... the scattered path of
the alpha particle will tell

me about the atam....

Thomson's atem
would hardly
deflect an alpha

o 077

particle

of alpha particles by metal foils

%

Rutherford examined the scattering

(L

The result was sensational

V)

AT AT

IR 77 /
[EXPECTED: [///

B

AMRE RN

N

DN

[

THE
MADRDENING
DETAILS

A: Source of

alpha particles

i Metal foil
S: Scintiltating

screen

M: Micrascope
R:

Retating

cavity
Coffee

—\

OBSERVED:

-

<>

£

‘UO

—

SMALL
DEFLECTION

TOTAL BOUNCE

_

|LARGE DEFLECTTONS |

\Z

I can calculate ;
it theoreti-

cally, you know!
Y.y now,

here it
isl

- ve charges
in orbit




Nicel Very
nicel Just like
the planets

like it all
that
much

-

Since an orbiting

electron must be

radiationg energy it will
spiral to the centre

50, according Then let's
to our laws, change the
laws!

atoms can't

NS

To understand
how Bohr
“changed the
laws" we've to go
back a few
years,

Someone was
already
tampering

with the laws!

(1858 -

M. PLANCK ,

T THEORY

\l} OBSERVED

Qur laws can't
explain rodiaticn in
a cavity. Let me
. change it

1947) i

*Radiant energy

can be absarbed

or emitted only
in quantized

AN F
ALBERAR
A

L

3
[\

Planck introduced a
new constant

Energy of a
quantum
= h x frequency

h= 6.6 x 1077 ergs, sec

Look, what really
are these quanta?

All the same quanta could
explain many things....

Probably radiation
itself is quantized

..Like the “photoclectric effect"

x\CLASSICAL THEORY: E o INTENSITY/,
QUANTUM THEORY : Eox FREQUENCY

T N LIGHT L

7

METAL

b =N

o) « w

N Vo

® > g4

£ > P—:I
7 x > 2%

If radiation

quantized....

enerqy is

...why not the energy
of electrons in
atoms?




Nieis Bohr
had to give
up many
cherished

. principles
tg
implement
his idea

Electrons cannot orbit at all distances

L)

Ne, I told
you that Rs—
is not
allawed

?/7////////////////////////// .

A

Theugh accelerated, they can't radiate
while in a definite orbit

CoH

I'm toe
energetic
for this
orbit

Electrons emit radiation onfy when they
jump from one orbit to another

W/'Z!ﬁ’/////f"’ /é(////ﬁ/ XA |

K‘/\

Arngular
Momentum
is quantized

m = mass
v = velacity
r = radius

ts just

/

Welll For a
circular orbit it

. 8ch ! ;
momerom o iowsd oxbre, el the v oncl compute the energy of the orbits
this? 7% TR -
C //":‘l:-/
v - T = -13 dey
/f M‘vl’-h@-af) En ne
m
o

=
/'

=
4—

Since energy and
frequency of light
are related by

...the electren jumping
from orbit with emit at
definite frequencies
which I can calculate!

Sure! In fact,
theory agrees
very well with
observations




Further
complicatiens
led to

better
understanding.
First,
Sommerfeld

There can be both For n =1, one circular
orbit for n = 2, one
elliptical orbits to

the same energy

(1868 - 1951)

intreduced
eltiptical
orbits

circle and three
ellipses....

Then came "Pauli's
exclusion principle”

" You can't put

more than two
electrons in

each orbit

To | Dyitaj B [Ty Yol Lty

7R

Ey)Gd
NP1 Pu | A Gl B 1] CF| i vl ] Noj L

Because three
is a crowd!
Besgides ...

Indeed Peuli could!

- ‘&

I# took semetime for more definite answers to emerge

T >
'U 3 J"’.-
N 7

il ~ i
v g

e A e W

Are waves and
particles so
different?

electromagnetic

;? The
/ wave has
e :L‘—‘"‘:"’.“

.
X
%
#.p
.

/.
G s

ex Then why cen't particle

have wave properties?

Associating a “pilot” wave with an efectran
can “explain” Bohr's idec

parfticle properties

N\

2

“ i




with

ohe

bold
stroke
DeBroglie
eliminated
the
distance
between
wave

and
particle

To every particle we
associated a pilot
wave of definite

wave length

Velocity: V

The pilot wave con-
nected to this book has
a wave length of 10

TN -

e

ey

LR

N

[

b

o

C.J. Davisson
(1881 - 1958}

I think we
can do it

Y,
Well, welll You
can never test
all this
il

But Louig! This
is mad! Why
don't we see
these waves?

» "PARTICLES" | FZANES

because the
wavelength is
so small

To test wave nature one should
demaonstrate diffraction....

——3— "PARTICLES"

_7:

Tt was indeed possible to cenfirm the pilot waves

Photographic %

set up ,//

,/7/////

P Particle

sketchy idea
of pilot wave
to a full
fledged wave
mechanics
was a
complex
transitich.
The main
contributors
were

Schradinger an
(1887 - 1961)

Heisenberg
(1€01-1976)

, / S— -
/ ;/ .. The
_ / electron looks

2
With [ //
— / “
Why?! , F,
Electrons ()
and crystal
lattice
Schrodinger developed a mathematical
From the description for pilot waves....

2

familiar now!

. PR

k 7 82
7
T




...allowing ane to make detailed
comparisons of atomic spectra

But disturbing
questions remained

Third-rate
chaps are
doing
first-rate

)
£ A
R R = I

—N T 'l' A vty Jﬂi

Hal It Nonsense!
describes the ) (Tt gives density

density of of probabili

charge 5

Density
of pro....
probabilityl!

When you roll
a die, you
don't know

what face will

turn up

prebability to

get, say 2 is 1/6/

mly, you
don't know where an

electron in the atom is.
All that we can predic
is the ...

]

ﬁ}w

Probability to catch an
electron at a place

PROBABILITY

€—— DISTANCE ———>

Just like
the dice,
you seel

Come how, stop
telling God
what to do

The concepts
of quantum
theory are
bizarre and
slowly
evolved into
a working
sets of rules.
A central
concept was
the
uncertainity
principle

If you know where an
electron is you don'tknow

where it

It's all
wrong

It doesn't
agree with
Special relativity

P.A.M.Dirac changed the equations
so that they did agree with relativity
e

They are
better now

']
P.AM.Dirac

My, my
this

(1902-1984)

won't do

[ rgmesmmee )] P
B~ o
{ e Vnc?

e J,,

U o ——

z

v

The particle will
keep sinking down
the negative energy

5eqa



Hey, you
can't come
down,
It's full,

Dirac had an ingenious way out It takes a lot of energy but

it can be done....

Suppose all
negative energy
stafes are
occupied

N

Well then,

Nice to
see you!
@ @‘: I'm going hadl
\ .
Negative i /" " This "hole”
e 9 " energy Sea &§ would appear as

of electrons a positively
@ @ , ‘ . charged
s Q electron, say an
_ l o~ D anti-electron

Physicists didn't ... but nature couldn’t care less! Tt is now known that to every particle
quite like the idea..., P M Blackett there is an anti-particle
Dirac's hotes! I have . R L T T T
Ha! He! Net much [usl obser_ved 7
in them! S anti- [/ | ecmon / anmr-sLEcTRON
p electrons
in the lab

]

il

So e o
have Tt Q,O s 4
e E= A
have I! ‘g A =
@‘i‘ i
&.D.Andersan ZoA
There was still some In :35: :f'.’ m‘;”ld With no i
trouble with the nucleus.... P electrons

nucleus” with just
a proton and an

orbiting it,

Neutral
radiation

T think
I've got
a
neutron

retons and
electrons

One evidence for a neutron being an o o s
indePer\denT particle came froll'ngrhe ‘ Nitrogen nucleus —’ That didn’s completely solve it either:

spectrum of N, molecules - —
14 Protons ucleus
7  Electrons @ Look,

Look! this spectrum
requires a nitregen
nucleus to have an

- if all the nucleus is

21 Particles positively charged
what holds it
together?

Protons +
neutrons

7 Protons

7 MNeutrens
14  Particles @

Some

- unknown

/ Nitrogen neutrons strong
g8 Wt Atomic no. in the nucleus force, must
A 14 7 '

will help

be




If the force
" is all that
steong, how
does radioac-
tive emission
oceur?

The answer was purely quantum mechanical

Classical physics Quantum physics

Gaing from

X ) Tunnel from
AtoBis ‘
forbidden) AtoB

’ as a wavel!

Alpha
? particle

Alpha
particle

ENERGY
BARRIER

- Earico Fermi Prof Fermi, according /

If the N to you the energy of
nucleus did Just as ar e the beTa-eIgc‘rmn must /
not have electron be fixed
electrons cah emit a -
how dn we photon 5 6 e
account for "@‘
electrons
in the beta (;5
decay? - @
The
answer, Ay A neutron
came \L can emit an
from.... electron and

become a

protonl

This really made people desperate! The particle zoo was

._......._.__;_(( .\:. )} Q’G Supi;;o;ii;i;ere already becoming crowded
A .
[4‘ } There goes the = pqrfide* v-"hiCh
, ‘ i 7 conservation of s carrying
' energy! energy

We
found
it

[]
*

F. Reines | ©.L.Cowan

*Neutrino

When they did....
Meanwhile
Fersy was Fermi has actually O Frisch
using split the uranium . C
neutrons to ! into barium and g
probe the krypton
atom
further. )
He R
bombarded ol
uranium with // 4
neutrons L

” //{/;
",/ / 4 /ﬁl

For sometime nobedy knew what
was coming out.... ... It opened up a new frontier




DECEMBER(938 The process was something like this

Fermi has
actually split
the atom

\ L/
v

Frisch ’ 7

The technelagical consequences
are too well known

K7
%

If the neutrons released produce more
fissions, we will have a gigantic source of
energy { and explosionl)

There was a
weird
inevitibility
about it all

Meanwhile, pure physics was Just as electromagnetic \ I I ; ..strong force is due
forging ahead forces are due to exchange to the exchange of a
Some strang meson
force must be R\ 9 .
helding protons in .
" 55
the nucleus A )] 4 MASS m

/‘ PROTON PROTON

;

g
&

Predicted : m = 1/7 x proton mass

After a false start such a
particle was found in 1947

M tlectromagnetic Prevents physicists
Strong Weak keeps atoms together from going away
e . —
ERS :
Z wm A N A7) ¥ S
£

Physicists now knew of four different forces.... Gravity

/

/ -
7 ’ keeps Produces
g // / nucleus beta decay /
N a Y00 together
. POWELL \ -
/7///////////,?/ 9 /
N 1949 -
FIRST poz== { // =
74P ANESE NOBED TR // RAE 2
WINNER H. YUKAWA Z




.... and d lot more particles

You've more
elementary
particles than

element

ill you
me alone?
Gr..r.

teave

Take my
advice!
Classify them

Yes! Look for
general patterns
and symmetries

....basons and fermions....

/Fermfons are

5.N.Baose

That S —
phitesophy LR Dl g
was very 3
successful é / A 3
in bringing 2
order out Ve o )
of chaos. I
The first %
classifications é/ 725
were.... 7 7

AR

Bosons stay
1 "~‘s together
>

particles with
1/2 ,3/2,5/2..
spin

Every particle has
an intrinsic angular
momentum of

Hey!
What is a

mt

"N
G\

N\

5%
N

e

Bosons are "spin® /
particles with O, pin.... /
pi, 2n ... spin 1
g The second classification was E,' Why can't you study these
...which has to z

based on interactions!

be a multiple of
{(h/2TL) = n

HADRONS

¢

PROTON @
g*' NEUTRON

MESON

.
@ELECTRON

- 4

' MUON
B

*
‘ -
‘&)
NEUTRINO

LEPTONS

forces by usual quantum laws?

N
Ve,
)

e CL, o
’;g_ / '; -
Eaa 2 A2
e =, S
Z% -
'é‘ iIZA 7,
= 14 rd
X8

\\

Schwinger

We can now do
quantum theary of
electromagnetism

Three men managed to tame the electromagnetic forces

I/'IW’I//'/"IIIIIIIIIIIIIIWI "

P2 T

didn't wark with other
forces

Feynman

=

PS5T... WE
CHEAT
SLIGHTLY!

Unfortunately, the tricks | g




These patterns demanded the

Tf you see group theo
4 S e i existence of yet another particle

rechniques one can put

'Fhe hadrons into patterns
first

step

in

ordering
hadrons
were

taken

by

M, Gellmann
and

Y. Nee'man

\\ /;'

OMEGA

r Mass ~ 1.6 Proton mass

This
partern is like
Mendelev's
periedic
table

...which was soon discovered at

CERN (&eneva)

seems hadrons
have and
internol

[eELtmann
BROOKHAVEN
(U.5.A)

! But we can
understand the

/% periodic table

/4 from atomic

\. et 1963 ’ /, structure

8ut quarks

were seen
inside

protons!

Gelimann and 6. Zweig suggested that
hadrons are made of quarks - "up” quarks
and "down" quarks

Has anyone m

geen a quark?

==
=
7 ) not as a free
¢W particle

PI-MESON
QUARKS LEPTONS The strong force between

quarks was due to the “:vhe‘::k“::;T
Tr:blem wos Lup ELECTRONS 1 exchange of gluons gravitational
}:educed to 2. DOWN MUON Z forces?
studyin, 3. STRANGE [ TAU-ON 3
QUARKS 4. CHARM
and
LEPTONS.
It was
soon
discovered
that there
are more
of them

What abaout GLUON
there? the forces? QUARK " QUARK




After year's of toil there was a
breakthrough

Electric and weak forces
¢an be unified as one
electro-weak force

The electro-weak model predicted new "exchange”
particles, which ware scon discovered

Do you think they
have struggled
enough?

Ye., Let's give
them the W and
Z bosons nowl

That was

the last
definitive
progress in
this

story of
physics.
Several

new

attempts were
made to
extend our
understanding
further If you've
got the

Strong forces
can be tackled

A
similarly if .... /

What do

you mean.
Dad isn't
there?

>
==

made of
nucleons

=

Gutsy physicists made a definite prediction

Z WAEELEET=

Protons are

Dad is %

i
)
/.

U

—_

o

a.-./
=

i o

Experiments all over the world are
yet to confirm the prediction

Yet another headache
is always there

;
~5
L

about
gravity?

h Y}

Gravity is tied
down by strings

only in 10
dimensions

..and soon ...

Hi

The "taming of gravity” is an
on-going tale of ups and downs

i

1580 - 83

What we call the
beginning is of ten the
end. And to make an
end is o make a
beginning,

The end is where we
started from.

N

i
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-
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