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Photoelectric Effect Compton Effect

Waves could behave like particles and could make collision
with other particles like a billiard ball collision

Davisson and Germer Experiment

W

Moving particles like electrons could behave like waves




The energy of a photon is given by  E =hv = hc/A

The energy is also given by the formula g — ,J'|T11§C4+P:C:

Since photon doesn’t have the rest mass E=pc

» hc/A=pc
» A=h/p



Wave function associated with de Broglie wave W

W is complex

W=A+iB
W*=A-iB
IW[2= A2+ B2

The probability density | |? is given by the product g*{



What is the speed of de Broglie wave?

Since a de Broglie wave is associated with a moving
body this wave should travel at the same speed as
that of the body.



We may quote the usual formula as following:

h
A=—
mv

E = hv=mc*-

-
L

V= P

mec< h c
W = VA = = —
h mv 17

So, the de Broglie wave has speed greater than the
speed of light in vacuum or the moving body !
Is it OK?



How to represent a wave associated with a moving
particle?

Can the following equation of a plain progressive wave
represent de Broglie wave associated with a moving particle?

y = A sin(wt-kx)

Time —



A wave packet (or wave train) is a small packet or
short burst or envelope of localized wave action that
travels as a unit.

A wave packet can be synthesized from, an infinite set
of component sinusoidal waves of different wave
numbers, with phases such that they interfere
constructively only over a small region of space, and
destructively elsewhere, resulting in the variation of
amplitude that defines the group shape

Each component wave function, and hence the wave
packet, are solutions of the Schrodinger equation.



P, = A cos(wt- kx) b, = A cos[(w+dw)t - (k+dk)x]

W=y, +¢, = 2A cos(wt-kx) cos(dw/2-dk/2)

W,

b,

l-l-’l +‘-|J2

Phase or Wave velocity w= w/k; Group velocity u=dw/dk






2mmce e 2mme*
= 2my = =
SR PR
o s
E 2m Zmmv  Zmmgv
A R[4t
11— —
hn.,ll 2
1l -
Ww=—=
iy k
r:?.n] r'.?.m r:il.EL'
L = p— =
de dv/ dv

[_:l



The Uncertainty Principle

narrow wave pac ket

Ay——

broad wave packet

—A—




The Moving Wave Packet or de Broglie Wave

Propagation of a wave packet

https://en.wikipedia.org/wiki/Wave packet#/media/File:Wave p
acket (no dispersion).gif




Properties of Wave

Function W contains all the information about theJ

particle.

\

Must be a solution of the Schrodinger
equation.

J

1

Must be a continuous function of x.

J

~
The slope of the function in x must be

continuous. Specifically dy/ox
must be continuous.

_/




Mathematical Expression of the wave associated
with a free particle

w=A e—iw(t-x/v)
W = A @21 (vt-x/A)
E=hv=2rthv

A=h/p=2nh/p

yv=A€" i/h (Et'pX)



The Wave Equation

The wave equation is an important second-order linear partial
differential equation for the description of waves—as they
occur in classical physics—such as mechanical
waves like water waves or sound
waves or electromagnetic waves.

Wave equation come up in fields
like acoustics, electromagnetism, and fluid dynamics.

bt

The wave equation for a 9%y pé’

stretched string dx* T at

[



The solution of this wave equation can be of many kinds that
reflects the variety of possible wave types viz. a progressive wave

plane, spherical or cylindrical), a train of waves of constant
amplitude and wavelength, a standing wave, etc.

P L
All solutions should be of the form y=Ftd \JE":}
Here F is a differentiable function.
T
For a wave in a stretched string x,ll-*_"' =V
gy 1 8%y
So the wave equation for a stretched string becomes 7z = 23:2

Solution v = Asineit £ ;l}



y represents the displacement in the string

Time —>

Transverse Wave
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An Electromagnetic .
Wave Equation The solution

d°E 1 3°E
dx?  c?at?

E = E, sin {wt — kx)




glectrormagnetic wawve dil

https://commons.wikimedia.org/wiki/File:Electromagneticwave3D
-gif
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In quantum mechanics wave function W corresponds to
displacement y of waves motion in a string or the oscillating
electric or magnetic vector in an electromagnetic wave. However,
the wave function associated with a moving particle W is complex
and not measurable.

Wave function  represents the probability of locating a particle
in space at point (x, y, z) at the instant of time t.

) is a complex function. It can be positive or negative. However,
probability can neither be complex nor negative.

Hence, the probability density |g|? is defined so that this
guantity is always positive whether | is complex or negative.



A wave function in quantum physics is a mathematical description
of the quantum state of an isolated quantum system.

According to the superposition principle of quantum mechanics,
wave functions can be added together and multiplied by complex
numbers to form new wave functions and form a Hilbert space.

A wave function behaves qualitatively like other waves, such
as water waves or waves on a string, because the Schrodinger
equation is mathematically a type of wave equation. This explains
the name "wave function”, and gives rise to wave—particle duality.



Since the wave function is complex valued, only its relative
phase and relative magnitude can be measured—its value does
not, in isolation, tell anything about the magnitudes or
directions of measurable observables; one has to
apply quantum operators, whose eigenvalues correspond to
sets of possible results of measurements, to the wave
function ¢ and calculate the statistical distributions for
measurable quantities.



The mathematical expression of the wave equivalent of a free
particle of total energy E and momentum p moving along x-axis.

A I'_E.f-l-]i’EE'—,'-j.l'ﬁ
Ijl_l.:l — E- i 1 L

For a particles subjected to some forces a second order
differential equation is proposed and formulated which is then
applied to special cases.

Differentiate the free particle expression twice with respect to x
and once with respecttot.

"y __P op _ _iE
dx2  R? i




Apply it to the non relativistic case having the total energy E of the

particle is written as 5
E=t_+v
2

Multiply by { on both sides of the total energy expression

_ P
By = 2m W+ VY
h 3y , , 0%
Efp = ——— pr = —h"—
v i at dx-
noy B 9%y
i dt 2m ax? Vi

This is time dependent Schrodinger equation.



In 3-dimensions the Schrodinger equation may be written as

héy ©* %y 8%y o<y
-—= Tt ——=+——=)—V
I df  2m ( dx= dy- ﬂz-} v

Here particles’ potential V is some function of x, y, zand t.

i I;_:|-: a-: a-:
V- +— +

hay h At ay? ad
i 8t  2m
This holds in all coordinate systems.

A problem with this derivation of Schrodinger equation

We obtained the equation starting from the special case of a
wave function of a freely moving particle and then established a
general equation !



Is this is plausible?

We have no way to prove that this method of establishing the
equation is correct or wrong.

What we have in our hand is to straight away postulate
Schrédinger’s equation, solve it for different variants of physical
conditions and compare the results of the calculations with the
results of experiments.

If they agree the postulate embodied in Schrodinger equation is
valid.

If they disagree the postulate must be discarded and some other

approach would have to be explored.

Schrodinger’s equation cannot be derived from the first principle
but represents a first principle itself.



The equation is a postulate in the same sense as the postulate of
special relativity, or the laws of thermodynamics. None of these
postulates can be derived from some other principle. Each
principle is a fundamental generalization, equally valid as the
empirical data it is based upon.



Form of Schrodinger equation depends on the physical situation.
The most general form is the time-dependent Schrodinger
equation, which gives a description of a system evolving with

time
Time-dependent Schrodinger equation (single  non-
relativistic particle)

zh 0 "IF( 1) = lz—i?E + V(r, f)] U(r,t)

L 0 -
EHE‘I' = HW



The general equation is indeed quite general, used throughout
guantum mechanics, for everything from the Dirac
equation to quantum field theory, by plugging in various
complicated expressions for the Hamiltonian. The specific non-
relativistic version is a simplified approximation to reality, which

is quite accurate in many situations, but very inaccurate in
others



Time-independent Schrédinger equation is the equation
describing stationary states

—h?

EV(r) = { o

V4V r)} (r) EV = HU

When the Hamiltonian operator acts on a certain wave
function W, and the result is proportional to the same wave
function W, then W is a stationary state, and the proportionality
constant, E, is the energy of the state Y.



In large number of cases the potential energy V is not a function of
time but of position only. For such cases any reference to time is
excluded.

o e = ey e - e
— LG Lt ="

=ty — ==
Pp=Ael WE P 4oTh £F =yek

Thus ¢ is a function of position dependent function  a time
dependent function. Substitute this { in the time dependent
Schrodinger equation to get

g  2m

-+ —(E—-V)iy=0
dx= I‘r{' )Y




In quantum mechanics, the analogue of Newton's law is
Schrodinger's equation.

Schrodinger’s equation has turned out to be completely accurate
in predicting the results of experiments. To be sure we must keep
in mind that the equation can be used only for non-relativistic
problems.

The wave function is the most complete description that can be
given of a physical system. Solutions to Schrodinger's equation
describe not only molecular, atomic, and subatomic systems, but
also macroscopic systems, possibly even the whole universe.
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Two-dimensional box

Yy my = %Ly sin (kn, @) sin (Fn,y)
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Review
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“Basically, I came here as an undergraduate to look for pirls, accidenrally gor hooked
an quanium physics, and have been here ever since."’




Thanks for your kind attention

#Youtube link

https://www.youtube.com/channel/UC3rdRYA605bdDdsJdEf0oJw
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