@W-\r\,\m Mect aumic S

’\Z\VS + fkecdune

Sé\m-\- .2 2907



| \
QUANTUM MECHANICS
How it all st;i/rted...
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Max Planck
German Physical Society, Dec 14, 1900
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Planck’s hypothesis

*Any physical entity whose ’coordinate’ is a sinusoidal function
of time (i.e. undergoes simple harmonic oscillations) and which is
capable of emitting and absorbing electromagnetic radiation

can possess only total energies €, which satisfy the relation

€n = NAV n=012,..

whereV is the frequency of the oscillations, and h is a universal

constant...”

agreement with experiments
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“My hypothesis was an act of desperation...

I knew that the problem of (of the equilibrium of
matter and radiation) is of fundamental
significance for physics; I knew the formula that
reproduces the energy distribution in the normal
spectrum; a theoretical interpretation had to be
found at any cost, no matter how high.”

Max Planck




Next step...
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Albert Einstein, 1905 (Annus Mirabilis) S
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Kmax independent of the intensity
of the UV light

Photo electrons ejected only for v >

Einstein’s hypothesis

*...electromagnetic radiation propagatek in small bundles

(photons) with energy €= hv, where'V is the frequency.
A photon is completely absorbed by an electron in the metal
plate...”

U

explains the experimental results



“There is hardly one among the great problems - in which modern
Physics is so rich - to which Einstein has not made an important
contribution. That he may have sometimes missed the target in
his speculations, as for example in his hypothesis of ‘photons’,
cannot really be held too much against him, for it is not possible
to introduce fundamentally new ideas, even in the exact sciences,
without occasionally taking a risk.”

statement of the Prussian Academy of Sciences, 1907

- ¥50 years of hard thinking... and I am still not any closer to the
question ‘What really is a photon?’

Einstein 1951
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A breakthrough...
Einstein 1907

Quantum theory of the solid state...
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Einstein’s idea

" «..Any harmonic oscillations, like atomic vibrations in a solid ,
are quantized with energies €, =nhv, n=0,1,2,..”

N

agreement with experiments ’

Important extension (beyond electromagnetism) ----- > people
started to listen!



One of them...

Niels Bohr, 1913
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“The decade that followed Bohr’s 1913 paper was rather
peculiar... physics turned into art”

Isidor Rabi, 1941

“There is no great truth where the opposite is not also a great
truth...”

Bohr 1923

Carlsberg Beer and its consequences.

One of the Carlsberg fellows, Werner Heisenberg, left for a
vacation in 1924....



On the island of Helgoland, June 6-7 1925, Heisenberg invented
” matrix mechanics”: .

“It was about three o’clock at night when the final resutt of my
calculation lay before me... At first I was deeply shaken...
I was so excited I couldn’t sleep. So I left the house... and
awaited the sunrise on top of a rock.”

“The present paper seeks to establish a basis for theoretical quantum

mechanics founded exclusively upon relationships between quantities
which are in principle observable.”

From the abstract of Heisenberg paper in Zeitschrift fiir Physik, 1926

About the same time Erwin Schrédinger formulated an alternative
formalism, "wave mechanics”, which was soon shown to be
equivalent to Heisenberg’s theory.

With the contributions of Louis de Broglie, Max Born, Wolfgang
Pauli, Paul Dirac and a few others

quantum mechanics

was born. ~ 1928

TOP

W. Heisenberg plaving it cool. | Photcore - . -
unknown)



The most succesful scientific theory ever'
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Experimental: 2.0023193048(8)
Calculated by QED: 2.0023193048(4)

Quantum mechanics has spread into biology, micro technology.
cosmology, drug design, materials science....

The consequences are felt everywhere, from solid-state electronics
to fiber optics, from basic chemistry and molecular biology to the — -
pharmaceutical industry, from the understanding of
superconductivity to the behavior of black holes and the
fundamental forces between elementary particles, from the design
of advanced medical diagnostics and treatments, to computers and
the IT "revolution”, to lasers, nanoscale engineering and nuclear
technology.... to future quantum technologies in computing,
cryptography, and artificial matter and life....

and vet...
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“Anyone who thinks that he can understand quantum mechanics

\ Without getting into a state of confusion has not understood anything

\o\the theory.” P
Bohr "

e = — T
(”No one has ever understood quantum mechanics.” \:
e —

\\
I regret that I had anything to do with it...”
e — ) ™ e
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"What it all means? It is simple. You take what you need.
you do what you have to do, and that's it...

~—— Heisenbera e




CLANTOM  MEHANICC
HAS CHANGED "THE WAY
WE Lock AT THE WORLD
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What’s wrong with classical physics?

Classical physics

PARTICLES = LOCALIZED BUNDLES OF ENERGY
AND NMOMENTUM
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TRANSPORTING ENERGY ANA HOMENTUM
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The double-slit experiment
(’the problem of quantum mechanics”, Feynman)
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MATHEMATICAL FOUNDATION:
The theory of linear vector spaces

n

\/

Def A linear vector space is a collection of objects
N — Wy, 25, WS WS, L called vectors,
*ets«  for which there exists a rule for forming a
vector sum, v>+ \w > | and for multiplication

with scalars a, b, c, ...., denoted alV >

,\
Vo= lav)
satisfying

.\ a(lvy+lwy)  (athlivy =alvd+blv
* closure Ivy+lw> eV g v
« scalar multiplication is distributive in vectors and scalars
» scalar multiplication is associative #¢blv>)=ablv)
. addition is commutative and associative W+ (w> +123) =(1v>tan )+l |
. there exists a null vector to» v> +t0> = |v>
» every vector has an inverse under addition vy +wy™" = 10>

Do what comes naturally! "
\/ (R) reac
/

Def. The numbers a, b, c.... are called the field over which

the vector space is defined. V/" (2) COMPLEX

Def. Linear independence ?’(3 M>, 2>, ... wm> ¢
Za > s[OY=y Ya; 5 O
sy

Def. Dimension n = maximum number of linearly

independent vectors
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Examples: V (R) --> arrows in 3D real space

V‘{(C) --> all 2x2 matrices with complex elements

e What about all real functions definedon 0 <x <L ?

Vectors of the form (a,b,1), with a,b complex numbers?

V> DENOTES A gENeRIc VESTOR -

Theorem ANy VECTOR (V> 1N AN w-DIMENSWOMAL. SPACE
CAN Re WROTEN AS A LWNCAL COMRWATION
OF N LNEARLY INOSEEWRENT VECTORS 1 D R

Definition Basis = set of n linearly independent vectors in
an n-dimensional space

n
Definiion ~Z v \i> = >
‘lt(,\

\ COMPONENTS  (BASS DEPENAENT )

3.’\5\3 vECTOR S
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Theorem The expansion [V = ?__-E vili> g unique
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To add two vectors, add their components!

To multiply a vector by a scalar, multiply all its components

by the scalar! Q
\'bra‘( o I V7
“ket
S O

Definition An inner product €<VIW> between two
vectors WY and \W% is a number (generally

complex) satisfying

| . -
» skew-symmetry CvIwWy = <wiv)
« positive semidefiniteness <vivy > O

o linearity in the ket  ¢yjaw+uzy = <vlawy+ <viaz>
4 = acvIW) + bevizy

e - antilinearity in the first factor

Definition \V», IW>  orthogonal vectors £ <VIw> = O
Definition V<vivy = IV = norm of the vector

Definition Pairwise orthogonal basis vectors of unit norm
= orthonormal (ON) basis

® T2 5 WNER PRodwuer 1y TERMS OF CombonealT<

Theorem Any linearly independent basis can be transformed
o

bhacic (f:ram thmidz‘) <
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