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World View at the end of 19t Century

Our experiences are in SPACE and TIME (our “Theatre”)
BODIES are composed of neutral “point-like” ATOMS (of mass m),
and are moving because FORCES act on them
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Interaction of LIGHT and BODIES
(Ultraviolet, Visible and Infrared Spectroscopy)

Specfroscope
Resulting Spectrum

; \ Continous spectrum
Spectroscope

f Brigth lines
) / \ characterizing the gas

Heatedgas \ ,
\\.

The same gas butcold Darkabsoption lines
transmitting light characterizing the gas

White light




“Self-Assembly” of ATOMS

Self-assembly is a type of process in which a disordered system of
pre-existing components forms an organized structure or pattern
as a consequence of specific, local interactions among the
components themselves, without external direction.

The Water Molecule  Benzene Vitamin C Nicotine Aspirin

- . !
HE0
-

Crystal growth
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WHAT DO WE KNOW ABOUT THE H ATOM?

Why not nuclear planetary model?  Because troubles:
1. The orbiting electron as a charge should radiate

2. If the electron looses energy it should
collapse into the nucleus

3. Getting continuously closer to the nucleus,

the frequency of radiation should change

continuously.

The gas filled tube
where the discharges
occured

The discharges in the low pressure gas filled tube are the sources of the light
which undergo refraction on the prism. We see the line spectrum of the gas.

Radiation spectrum is discrete;
There is no radiation in stationary states.
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What do we know about the photon?

The parameters of the photon as a wave (a)’ k)
The parameters of the photon as a particle (E, p)
For particles during collision the conservation of energy

and momentum holds.
Waves interfere (Constructive , destructive).

WAVE AND PARTICLE NATURES ARE INTERRELATED

h . .
E=hv=—w=low 5:Eﬁ:ik:h.k

27T A 27T

E—#m ﬁ:h-lz h=6.625-10 * Ws’
h=nh/2r=1.0510"* Ws’



Photon’s Wave — Particle Duality
w, K E,p

E— hw— v, 5_2ﬁ_—k_h-k

PHOTON IS WAV-e-part-ICLE= , WAVICLE”

de Broglie:
ELECTRON IS A ,WAVICLE” ALSO



Electron’s Particle - Wave Duality

The parameters of an electron (E p’)
as a particle ’

The parameters of an electron (a), E)
as a wave

WAVE AND PARTICLE NATURES ARE INTERRELATED

E=lw D=rh-k
h=6.625-10"*" Ws"
h=h/2r=1.05-10"* Ws’



Electrons are also ‘wavicles’ : the group velocity of
the ‘wave’ is equal to the velocity of the particle,

h h 27
A=— —p=mv=~h-k=
P 21 )\
De Broglie resolved the mystery of the Bohr’s model
h
n . r. =n—, where n=12,...
27
n=5 4 3, 2, 1
h 21T,

—

a=n__Nh
P Nwv, n



PHOTOMULTIPLIER - (Bay Zoltan)

Incoming Photomultiplier Tube

Photon\ Window
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TWO-SLIT EXPERIMENT (PHOTONS)
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N
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Papers with pure silver bromide
emulsions are sensitive and produce
neutral black image tones.

Silver bromide (AgBr)
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Let us try the two-slit experiment for electrons ?

I, \1; In case of particles (e.g. billiard balls)
=] I, +1, =1,

In case of waves (e.g. water waves)
I, I,
I+ 1, =1,

Intarfarencel
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What do we see in case of electrons?

I, 7 Are electrons
like bullets?

I, +1, =71,

I,

No! We see

2 INTERFERENCE ?!

2 2
I1 :|¢1| ;|2 — |¢2| J |12 :|¢12|

i =
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On Sundays [ Itisboth! It hasa DUAL ;
NATURE

-~

On Mondays, Wednesdays and
Fridays, it is a PARTICLE!
On, Tuesdays, Thursdays and

Saturdays it is a WAVE!

\_

Oh LORD, please, isit a
PARTICLE or aWAVE!!???

~
g Not only electrons and photons, but EVERY T

HING has

this dual nature! Experimentally shown for protons,

neutrons, He atoms, even Cg!

J
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Prof. A. Zeilinger
http://www.quantum.univie.ac.at/zeilinger/
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through both
the slits?

| Does it go

How does an electron move (propagate)?

Through all
possible paths!

He is crazy! J
\
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Source of

particles H

Even more
Complex setup
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SCHRODINGER’s Wave Mechanics, 1926

Assumptions

| h E
1. Planck and de Broglie A= —, ) — —
D h
2. Energy p°
=T om e

3. Linearity in the wave function (interference)

w(xt) Pt =lpxt)|

h Oy (Xt) ne o7
—— =Hy (Xt H=- +V (Xt
i ot v (%) 2m 0 X° (xH
Schrodinger equation
for a single electron Hamilton operator

in one spatial dimension



jhiw(xt): L +Vo (X) W (x,t) XVt
| 2mox? ™

Single particle in three dimensions

2 2 2 2
0y (X,1) :> 0w(X,Y,z1) . 0 y(X, Z/ Z,1) . 0w(X,Y,z1)

OX’ OX’ oy 0z’
=Ay(X Y, Zt) = Ayp(r,1)
jn v () A () VL (1) (F ) = H (1.1)

ot 2m bo!



The Postulates of Schrodinger’s Quantum Mechanics

Postulate 1. (P.1) Information we can know about a state

The state of a system is fully described by its state-function

(wave-function) w(q4, g,, ---, g5 t), which is bounded, single-
valued, continuous, and continuously differentiable function
of the configuration-space-coordinates (q,, g,, ..., g5) and of time t .

Postulate 2. (P.2) Interpretation of the wave-function

The probability that the system in state v can be found in the
volume-element dV of the configuration space is yy*dV.
From this it follows that

IW* dVv =1 i.e. y issquare-integrable.
Y%



Postulate 3. (P.3) Observables

There is a linear operator L assigned to every observable

(measurable dynamical variable) L.
If we perform a “strong” measurements on the system then the

observable’s values of L are the A eigen-values of operator L

L y=Awy.
v=Ay r=r.
The rules of the operator assignment are as follows:
a) The operators of the space coordinates are

multiplication by the coordinate : q — q.
b) The operator assigned to the momentum: P — — AV

c) We assign operators to dynamical variables which are
functions of the space coordinates moments by substituting
the operators of the space coordinates and moments into

the functions:



2
Ekin:EmVZ:_l p* — Ekin:_h Ve
2 2m 2m

The operator of the total energy of a particle E=E +Eq

FLZ
H:—EnA—F Epot(l') A_ 82 ) 62 . 62
whereV? = A, which in Descartes- coordinates: ox*  oy* oz’

The operator of a particle’s angular momentum:

L=rxp — L=—JArxV

Hamilton operator of a many-body system

N1
E — Ekin _|_ EpOt — Z—plz _|_ Epot r11r21°°°1rn
1 2M
E, =05 E,,—E,



Postulate 4. (P.4) The outcome of strong measurements

If the state of a physical system is y, and we observe the
dynamic observable L with operator L, then the expectation
value and deviation of L are:

<L>=jl//*Ll//dV AL=\/<L2>—<L>2
Postulate 5. (\I/D.S) Time-evolution of the wave-function

In a closed system the wave-function evolves in time according
to the time-dependent Schrodinger equation:

. Oy ( From the initial sate-function ¥4,
In E =Hy we can determine the future of
the wave-functinn ¥4
for t >t, ). h=6.625-10">" Ws"

h=h/2r=10510"> Ws’
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“Bounded” electron ,Free” electron

Discrete energy spectrum Continuous energy spectrum

E..Eo, s Egsee E(K) continuous function
E,

j(oc—=t)

boxt=Ycd xe r  yey=[Ame" " dk

E
i Electron in Wave pocket
E, discrete stationary
E eigenstates  (|inear combination of ..
waves with continuous
v=0 a X k wave numbers)



Consequences of the Postulates Frequency, period in time

—j'a)t _jEt

1.Tota|energy E:h'V:h'CO : e :e h
L h
2. Momentum P =7-K p:h.kzz

Wavelength, period in space

3. Electrons are either ‘bounded’ or ‘free’

Examplel: Bounded in a one-dimensional box

h? 2 . nmo i
n°, w,=.-sn—x-e ", n=12,..

E = >
8ma a a

n

Example2: Free electron in vacuum




How does the Expectation Value of Measurements Change in Time?

L>=_V[z//*Lde=<W“—W> détL>:<aaytj‘L‘ w>+< W‘L‘%W>

d(L) | '
YTy 588 Ly )Ly
Ly pey) Ll =L He -ty HL-LH=[HL]

,Commutator”
Ehrenfest theorem
d(p) d(w|Ply
(P)_dWIPY) _ oy )

dt dt
-V, =-V, /ox=F



Electron’s Wave Pocket Flying Toward a Proton

d{p) _dw|Plv)
dt dt

= (|- VV|w) —VV, =0V, /OX

W(Ne Pocket

-

(W] =V |v) = [ (~V Ve ) -dr=
z<l//“”>( vaot) (—vaot)

The force is not constant even appr. anymore
in the wave-pocket

The trajectory of the expectation value is not the

classical trajectory anymore
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Classical Mechanics Tijme t Quantum Mechanics
Configuration space ¢, Q,,.--,G,--.-Q; .
Potential energy Epot — Ep 4, G, ---» G

Trajectory Wave function (Complex)
0 (t), A (1), G (t),....q; (B)

Kinetic energy (G G- Gy 1)
B =B Q- 0 Probability ‘w‘z —

Lagrangian’ |— Ek Eo Total energy E

Generalized

momentum P :a_qi" =12..,f.

‘Hamiltonian’

H(p.a)=) Gp —L

Hamilton Operator H

Hamilton E(;uations Schrdédinger Eauation
OH . OH oy

== === Jh H l//
aql ap| at
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Qs Oy s G o0y -

Schrodinger Equation

~oy(a,....q;,t
I ( At f ):HW(ql,...,qf,t)
(@) =¥ (@) 00
HY = EY dgo(t)/dtz—j%go(t)
E.E,...E,.. s
¥, ¥, P, e h
(G O 1) = 2C W, (0l )€
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