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A farmer, it is said, heard a team of sci
advice him on improving his dairy produg
After six months work, they prepared thei
report. The farmer begin to read, only to
encounter the opening sentence

oConsider a spherical COVé .o
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What | IS thls Lecture

about?...

A What we mean by Paradigm of science ?

A paradigm shift is a fundamental change In
the basic concepts and experimental
practices of a scientific discipline

It Is a concept In the philosophy of science that
was introduced and brought into the
common by Thomas Kuhn .



The scientific method
| Law: Law of Inertia ----- COUNTER-INTUITIVE

What is ‘equilibrium’? F = ma

Relative to whom?

Effect a 1s proportional
- frame of reference

e to the Cause F.
Equilibrium means

‘'state of rest’,
or of uniform
motion along a Linear Response.

straight line. Principle of causality/determinism.

Proportionality: Mass/Inertia.

Equilibrium sustains
itself, needs no cause:  |Galileo: Newton
determined entirely by
1nitial conditions.




II Law

F=ma  Effect 1s proportional to the Cause.
h

Linear Response. Principle of causality.



Force: Physical agency that changes the state of equilibrium of the
object on which 1t acts.

v dv . = d(mv) dp
m—i :m*—v =ma = I = (V) -

dt dt dt dt
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Direction of velocity and acceleration both reverse.

System’s trajectory would be only reversed along essentially
the same path.

Newton’s laws are therefore symmetric under time-reversal.




We have mtroduced the first two laws
of Newton as fundamental principles.

Newton’s III law makes a qualitative and quantitative
statement about each pair of interacting objects, which

exert a mechanical force on each other.

In Newtonian scheme of

mechanics, this Is introduced

as a ‘fundamental’ principle
—i.e., as a law of nature. <\ Windows -



Newton’s Il law :

‘Action and Reaction are Equal and Opposite’

We have obtained a
conservation principle from
law of nature

d E B d;

dt dt

/
;r(p -I—p )—U

Newton's III Law
as statement of

conservation of

linear momentum



Before we proceed.
we remind ourselves of another illustration of the
connection between symmetry and conservation law.

—

Examine the ANGULAR MOMENTUM [ =
of a system subjected to a central force.
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Coulomb®@ Law
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Maxwell® Equations

A In Maxwell& t'heory the speed of light, In
terms of the permeability and permittivity
of free space, was given by

v=c=1/\ 18,

A Thus the velocity of light between moving
systems must be a constant.

11



Momentum and Energy

T7 = pproc” + FLG

2, . .22, 24
E“=p°c"+m’c
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Coulomb® Law
I: — 1 qqu

4p e r?

ACentral Force (acts along the line connecting the two objects

Aone over r squared forge

As mathematically identical to gravitational force.

F=Gmlr2n2
r

Aut they arenot the same force.



A Planet Orbiting a Star

Elliptical Orbit Chaotic Orbit




AChaotico
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Magnetic Pendulum
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3" Trial: Trajectory of Pendulum
Numerical Solution
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15t Trial: Trajectory of Pendulum
Experimental Solution
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2"d Trial: Trajectory of Pendulum

Experimental Solution
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3" Trial: Trajectory of Pendulum

Experimental Solution
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(4,9)
F =ma
Linear Response.

Principle of causality.

Galileo | Newton | FTINCIDlE Of

Variation

L(g,9) 0
H(q,p)

oL d (oL
og dt \og)

Lagrange




The Universe explained !

By 1900 physicists were absolutely certain of their ideas about the
nature of matter and radiation. {lassica/Physics was thought to be
almost complete:

-~ Isaac Newton (16427-1777) had established
. B the laws of motion
il g ! a theory of gravitation
2 Nl (action at a distance)
¢:‘;: which had stood up to stringent tests for over
/ 200 years

James Clerk Maxwell (1831-70) developed

a theory of electromagnetism
which not only unified electrical and magnetic
fields but also explained light (and invisible
radiation) in ferms of electromagnetic waves.
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These theories were not only mathematically rigorous but also pr'e.dlc’rwe.:t




Fundamental Assumptions of Classical Physics

Physicists at the end of the 1890s assumed the following o be
absolutely true:

1  The universe is like a giant machine set in a framework of
absolute time and space. All movement, however complicated,
can be understood and explained.

2 Newtonian synthesis implies all motion has a cause - if a body
is in motion it is possible to determine what causes the motion

3  If the state of motion is known at one point in space and time
it can be determined at any other point in space or time.

4  The properties of light are completely described by Maxwell's
electromagnetic wave theory

5  Energy can be carried either by a wave or a particle - and
waves and particles are mutually exclusive

6 It is possible to measure, to any degree of uccurucy;d'ha te Window:
properties of a system - whufeve.r the system

0 Sett NQgs 1o activate



The breakdown of Classical Physics

By 1900 three critical and reliable experiments had
provided results which could not be explained by

classical physics
Black body radiation
The photoelectric effect

Bright line optical spectra

By 1930 an entirely new understanding of nature had
'zeen achieved - the new Quantum Physics described
an alien and surprising universe.

Quantum Physics together with Relativity had
overturned Classical Physics entirely

The Photoelectric Effect

first discovered by Heinrich Hertz in 1887:ctivate w
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The photoelectric effect

& Philipp Lenard (1862-1947) carried
/4y’ out aseries of careful experiments on
the photoelectric effect between 1899
and 1902

Monochromatic (ie single frequency)
radiation was shone on a variety of
v metals and the number and energy
of emitted electrons were measured

I .--—Ill--— Il'lII o SR T
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The photoelectric effect

metal plate high frequency light

ammeter




Basics of Quantum Mechanics
- Photoelectric Effect -

A Photocell is Used to Study the Photoelectric Effect

\\ Incoming blue light
collector plate F

DT emitter plate

electrons get to collector plate

q Ammeter




Basics of Quantum Mechanics
- Photoelectric Effect -

Influence of Light Intensity
on the Photoelectric Effect

Intensity Higher-intensity light
has no ' B
effect below
threshold
frequency

Lower-intensity light

Energy
threshold
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Larger light intensity means larger number of photons at a given frequency (Energy)




Basics of Quantum Mechanics
Photoelectric Effect -

Vinax = D.22x107 mSfs

fet 2 06x10° s Light can eject electrons

2258V T 400 ren from a metal, but only if
31 eV its frequency is above a
threshold frequency

Potaasiurm - 2.0 eV neadad 1o sjac alactron ( Ch a ra Cteri Sti c f{:}r EECh
Photoelectric effect metal).

o
glectrons

Classically, for light as a wave, its energy is proportional to the square
of its amplitude.

For particles, energy is proportional to frequency
Einstein (1905) proposed that light has particle nature

(as well as wave nature). light is quantized (photons).

Larger frequency, means smaller Wavelengfh, and larger E_ne'rgy:hf.




Albert Einstein

In 1905 in the same volume of
Annalen der Physik Albert Einstein
published three theoretical papers
that revolutionized physics. In
these papers he:

Introduced the Theory of Relativit

Proved the existence of atoms

Explained the photoelectric effect

It was this latter work, which introduced an heuristic theory

on the quantum nature of light, for which he was awarded
the Nobel Prize in 1921
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Einstein's model

Photon Energy
E=hf >> P




A summary of the photoelectric effect
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Basics of Quantum Mechanics
- Photoelectric Effect -

A The photoelectric effect provides evidence for
the particle nature of light.

A It also provides evidence for quantization.

A If light shines on the surface of a metal, there Is
a point at which electrons are ejected from the
metal.

A The electrons will only be ejected once the
threshold frequency iIs reached .

A Below the threshold frequency, no electrons are
ejected.

A Above the threshold frequency, the number of
electrons ejected depend on the intensity of the
light.



Classical Physicists vs Quantum Physicists

For many years the ideas of quantised energy and quantised

radiation were not well accepted - even Planck rejected both
his own and Einstein's ideas

Robert Millikan (1868-1953)

devoted almost ten years to trying
to disprove Einstein's explanation
of the photoelectric effect

He produced extremely accurate
data which instead strongly
supported the Einstein model of
quantised radiation - and in 1923
was awarded the Nobel Prize for
his efforts

i _.-—I----— II'III e Failt
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Brownian Motion




"'. Energy Landscape Picture

’- -« A distribution of confromation
v+ Barrier heights unknown

-

Brownian Diffusion
A %« Equal barrier heights

Vo \/\/\/\/\/\/\ ¢ 0%t

+ v « The distribution of waiting

time in each well is exponential.
'."1‘ {\ * A distribution of barrier heights
I | * Subdiffusion ¢(Ax)?» « t%, 0<a<1
YW \ |\ »The waiting time between

+ “hops” follows power law

_ _ distribution, w(t) ~ t@ / 1+,
Anomalous Diffusion

no finite first moment



The Diffusion Equation

, M. Smoluchowski
A. Fick.
A. Einstein

2
gP(x,t) =K @ -
Ot ox*

Px:1)



The Diffusion Equation (1855)

Continuity

-

Znxn=—diviE.) [(1914,1915,1918)

0/4
+ linear response

J(¥,0)=—K gradn(%,1) | + pn(%,1) f(%,1)

—> the diffusion equation

-

“n(x,1) = KAn(x,1) | =V(f (5, 0)n(E,0))
0/

the Green's function solution
-

n(x.1) = (4zKt) ?'? ex _Z
(X,1) = (47K1) r{ Z KJ

Essentially an equation for the pdf; #(X,7) = P(X,7)







3asic properties of the wave equation

The wave equation (WE) writes:
Upp = Collyy for —o00 < x < +00.

where the following notation is used for the
derivatives: Ju/ox = u, ...

The WE has the following basic properties:

* it has two independent variables, xand ¢,
and one dependent variable u

(i.e. vis an unknown function of xand ¢);

* itis asecond-order PDE, since the highest derivative
in the equation is second order;

-
> * itisa homogeneous linear PDE.



Rutherford Scattering Griffiths&1.1

Scattered Particles Most particles ¢ RUth e I"fO rd (19 1 1)
are undeflected )
* a-particles at gold target

* Most particle pass undisturbed, few
have a “hard” collision

e Atom has substructure: small heavy

nucleus
Beam of
particles o THOMSOMN —
I\
\
e
Circular flurescent - \. Ato(rz) has
Source of Screen E } _ substructure
(¥ particles : .‘o
5 L%
S AN
) . . B \ ¢
e Atom is basically just \
vacuum: s \\ .
e Atomsize:~ 10719 m N

e Nucleus size:~ 101> m o——



Most particles
are undeflected

Scattered Particles

Beam of
particles

Circular flurescent

Source of Screen
(¥ particles

No. of counts

substructure

e

Atom has

A

|

guarks

A
‘A Prot
n on has
A

substructure

(a)

Scattering angle




Deep Inelastic Scatteringl£)

Alndeed individual quarks have never been observed.

ADo they actually exist or are they just a mathematical
bookkeeping tool?

A~1970SLACDIS -

AProton substructure is. |~ Onenucleus |
seen similar to \ A
Rutherford scattering N, o b A

AQuarks are real and - Y, substuoure L 4
they carry an

additional quantum \ .

number which can i \e, LA
have three values N\, '

A &Colok is just a name - \ \

Threednucleg

Proton has
substructure

No. of counts
»

(al > (b)
Scattering angle




Proton Substructure: discovery @farton<s or cquark€(1969

ASimilarly to Rutherford scatteringsubstructure of the
nucleug) deep inelastic scattering of electrons on
protons show the proton substructure




Guess the
Mathemat
IcS behind
thise ..

LIFE is
Complex
buteé
Simple

Zahran




Examples of natural (random)
fractals
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Fractal geometry
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nerve cells |
INn the retina, and In culture

Caserta, Stanley, Eldred, Daccord, Hausman, and Nittmann 1990
Phys. Rev. Lett. 64:95-98

Smith Jr., Marks, Lange, Sheriff Jr., and Neale 1989

J. Neurosci, Meth. 27:173-180




Branching Patterns

|ntherenna In the lungs
Family, Masters, and Platt 1989 | West and Goldberger 1987
Physica D38:98-103 Am. Sci. 75:354-365

Mainster 1990 Eye 4:235-241

—~__/
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Brief history

about
fractal geometry




Fractals: theory and applications s

Benoit Mandelbrot (19242010 <2
A fractal is generally |

"aroughor fragmentedgeometricshapethat canbe
subdivided in parts, each of which is (at least
approximatelya reducedsizecopyof the wholé"'

Thispropertyis calledself-similarity.

(B. Mandelbrot)
NThe Geometryof any real objectin natureis not
regular such as clouds are not sphere,mountains
arenotconesandcoastlinesarenot circleso



Similar, self-similar self-affine

It Is Importantto distinguishbetweernthe
termssimilarandself-similar,

A photograph of a face and its
enlargemenhavethe sameshapeandare
calledsimilar.

However, a small portion of the
photograph, e.g., the glasses, when
magnifieddoesnot look like the original
facein the photograph




Non-Fractal







Size of Features ¥ @ @

l1cm —

1 characteristic
scale




2Cm

1cm

1/2 cm

1/4 cm -

many different scales




Self-Similarity

\:VjeL'PJ\'\ Water Water

Land




=/ To identify Fractal Geometry, we musg
know the difference between

Euclidean Geometry
Topological Geometry
Fractal Geometry




Fractals

N

Scaling Symmetry Self-Similar

Complex geometric shapes
Defined by simple algorithms
Non integer dimension

Self similarity

Invariant under gﬁ

scaling o P e



Examples describing differences
between topological and
Euclidean dimension

Illustration of the concept
of fractal dimension




a flat paper has the Euclidean dimension D =2. If we scrunch
up it into a ball-like shape, the obtained structure is a volume,
having the dimension D =3. But, when we unfold a paper, the
obtained structure is neither a sheet nor a ball. This structure
occupies the space but not completely




self-similar

Selrsimilar objectshave  sierinskitriangle
similar shapes over a
range of scales As
explainedoy Mandelbrot

self-similar objects are
formed from subregions
thatresembldhe shapeof
thewholeobject




Mandelbrot set Koch snowflake Julia set

Sierpinski triangle

Julia set



