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Relativity Theory

Special Relativity

All observers moving in inertial frames:
e Have identical laws of physics,

e Observe the same speed of light: c.

General Relativity
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e A free falling person is also inertial frame,
e Acceleration and gravitation are equivalent:
Inertial mass = gravitational mass

Consequences:

e Simultaneity is not the same for everyone,
e Distances shrink, time slows down at

high speed,
e Velocities do not add-up as expected.

Consequences:

Space-time is curved:

e Light bends around a massive object,

e Time slows down and space shrinks
in gravitational fields,

e Gravitational radiation exists.




Relativity and Quantum Mechanics 3

Classical Mechanics

Smaller Sizes (h)

Classical mechanics is not “wrong”.
It is limited to macroscopic objects and moderate velocities.
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Lecture 5

The Early Quantum Theory

“If Quantum Mechanics hasn’t profoundly shocked you,
you haven’t understood it yet.”
- Niels Bohr

“Gott wiirfelt nicht (God does not play dice).”
- Albert Einstein

“Einstein, stop telling God what to do!”
- Niels Bohr




Key Persons of Quantum Mechanics

Niels Bohr Erwin Schrodinger Werner Heisenberg Paul Dirac Max Born
Niels Bohr: Nestor of the “Copenhagen Interpretation”
Erwin Schrodinger: Inventor of the quantum mechanical wave equation
Werner Heisenberg: Inventor of the uncertainty relation and “matrix mechanics”
Paul Dirac: Inventor of relativistic wave equation: Antimatter!
Max Born: Inventor of the probability interpretation of the wave function

We will focus of the Copenhagen Interpretation and work
with the concept of Schrédinger’s wave-function:



Deterministic Universe

Mechanics Laws of Newton:

1. The law of inertia: a body in rest moves with a constant 2 | .
e ‘

speed \
2. The law of force and acceleration: F=m a %..

3. The law: Action = - Reaction

- PHIL.OSOPHI > “Principia” (1687)
|
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3 Sl * Classical Mechanics leads to a deterministic universe.
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The Nature of Light

-,

. iy
Isaac Newton (1642 —1727): L |

Light is a stream of particles. r.;
Christiaan Huygens (1629 — 1695):
Light consists of waves.

Thomas Young (1773 — 1829):
Interference observed: Light is waves! Isaac Newton
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Waves & Interference : water, sound, light

Principle of a wave Water: Interference pattern:
ol | -— 7\’ —»I A = ’U/f
- distance
ol I \/ f = 1/T
- 7\’ — —_—
wavelength (meters)
Al | -— T —>-|
I time WAVES SUM
SRR IS AVAVAVAY
|- T —_— —_—
Sound: Active noise cancellation: lght Thomas Young experiment:
— e IN PHASE ADDITION

e

Noise Source AN ] | /\_/W\/
AAAS = I B
Resulting Noise P ] \/\/\/\_/-\

ANTIPHASE CANCELLATION
Anti Noise

l light + light can
give darkness!

WAVE INTERFERENCE




Interference with Water Waves 9
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Interfering Waves

Double slit experiment:




Particle nature: Quantized Light B T

“UV catastrophe” in Black Body radiation spectrum:

If you heat a body it emits radiation. Classical thermodynamics

predicts the amount of light at very short wavelength to be infinite!
Paul Ehrenfest
Planck invented an ad-hoc solution: T

For some reason material emitted light in “packages”.

UV VISIBLE INFRARED
14
-] 00K h=6.62 X 10'34JS Nobel prize 1918
NE / \ Classical theory (5000 K)
E 10
; 8 / \\ Classical theory:
5 . / \ There are more short wavelength “oscillation modes”
3 o of atoms than large wavelength “oscillation modes”.
T 4 - -
LD N
> 2 SR Quantum theory:
// 3000 K Q - - )
, /I/—I'\I\§I§I Light of high frequency (small wavelength) requires
0 05 1 15 2 25 3 more energy: E=hf (h = Planck’s constant)
Wavelength (um)




Photoelectric Effect

Photoelectric effect:
light Light kicks out electron with E=h f
% (Independent on light intensity!)
ectrons
Light consists of quanta.
%‘ /I (Nobelprize 1921)
©@ © 0 06 | Wave: E = hf = he/A >A=he/E |

| Momentum:p =mv =mc=E/c 2 E =pc e
| It follows that: 2 = h/p |

Compton Scattering:
“Playing billiards” with light quanta and
electrons.

electron

Light behaves as a particle with: A=h/p ‘ 4
(Nobelprize 1927) Arthur Compton




Photoelectric Effect

Photoelectric effect:
Light kicks out electron with E=h f

light /I / \
% ectrons

O 0 3 O « LIGHT 15 A

4 Al e

Flaying oiliards  witn ngnt qudllta and

electron electrons.

Light behaves as a particle with: A=h/p ‘ 4
(Nobelprize 1927) Arthur Compton




“Once ond for all | want to know what I'm paying for. When the electric company
tells me whether light is a wave or a particle I'll write my check.”



Matter Waves

Louis de Broglie - PhD Thesis(!) 1924 (Nobel prize 1929):
If light are particles incorporated in a wave, it suggests that particles
(electrons) “are carried” by waves.

Original idea: a physical wave =2 Quantum mechanics: probability wave!

Particle wavelength: A = h/p > A= h/(mv)

Wavelength visible light:
400 - 700 nm

Use h=6.62 x 1034 Js to calculate:

* Wavelength electron with v=0.1 c:
0.024 nm

* Wavelength of a fly (m = 0.01 gram,
v =10 m/s):
0.0000000000000000000062 nm




Matter Waves

Louis de Broglie - PhD Thesis(!) 1924 (Nobel prize 1929):
If light are particles incorporated in a wave, it suggests that particles
(electrons) “are carried” by wz

Original idea: a physical wavé

ELECTRON |5 A

WaUE,

Particle wave

Wavelength visible light:
400 - 700 nm

Use h=6.62 x 1034Js to ci

* Wavelength electron wit
0.024 nm

* Wavelength of a fly (m = 0.01 gram,
v =10 m/s):
0.0000000000000000000062 nm
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The Quantum Atom

of Niels Bohr

The classical Atom is unstable!
Expect: t <1005

TN

Niels Bohr: Atom is only stable for specific "“°'°”S@

orbits: “energy levels”.

n=3

electron

An electron can jump from a high to

lower level by emitting a light quantum
with corresponding energy difference.

Balmer spectrum of wavelengths:

Niels Bohr
1885 - 1962




Schrodinger: Bohr atom and de Broglie waves

If orbit length “fits”:

AVAVAVAY 2ir=nA withn=1,2,3,
VAV VATAVAY

IN PHASE ADDITION

The wave positively

interferes with itself!
=» Stable orbits!

AVAVAVAV
VAVAVAVA

ANTIPHASE CANCELLATION

| WAVE INTERFERENCE | Periodic Table of the Elements s

2
13 14 15 16 17 H
WA IVA VA VIA VIIA
3A 4A 5A 6A
5 6 8 10
Boron Carbon Nitrogen Oxygen
10.811 12011 | 14007 15999 18
14 15 16 18
5 6 7 8 9 10 1 12 SI P S Al
vB viB viiB Vil 1B B
. 58 6B 7B 8 1B 28 8086 :mWLA azoes .453
de Broglie:A = h il il e A -
—
. V Cr Mn Fe Co Ni Cu Zn K
ndium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc ‘Germanium Arsenic  Selenium
50942 5199 54938 55933 58933 58693 63546 6539
41 42 43 44 45 47

40 46 48 5 5 ) 54
L=rp Energy levels explained s TE W U e W W A . 5 B
. _ f Ta W Re Os Ir Pt Au .- 'ﬂ
L=r h/A —~ atom explained Bl % e e e
mmmmmmmmmmmmmmmmmmm o0 e i o o i e B D
L=rnh/(2mr) Outer shell electrons

L=nh/(2rn)=nh - “chemistry explained” = ......-..-.....

CEmE R
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(L = angular momentum)



Not yet explained

The Periodic Table Of Scotch Whisky
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1.00
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Complementarity

Subatomic matter is not just waves and it is not just particles.
It is nothing we know from macroscopic world.

N

Copenhagen Interpretation (Niels Bohr)

Niels Bohr
1885 - 1962

One can observe wave characteristics or particle characteristics of quantum
objects, never both at the same time.

Particle and Wave aspects of a physical object are complementary.

Similarly one can never determine from a quantum object at the same time:
energy and time, position and momentum (and more).




Heisenberg Uncertainty Relation

A measurement of a characteristic of quantum matter affects the object.
Heisenberg’s “non-commuting” observables:

Energy and time:
Et—tE=ih
AE At 2h /2

Position and momentum:

Xp—px=ih
Ax Ap 2h /2

Werner Heisenberg Erwin Schrodinger Paul Adri%n Maurice Dirac
“Matrix mechanics” . “Wave Mechanics” “q - numbers”

It is a fundamental aspect of nature. Not related to limited technology!




Heisenberg Uncertainty Relation

A measurement of a characteristic of quantum matter affects the object.
Heisenberg’s “non-commuting” observables:

Energy and time:

B ol * Too my
AE 2t 2h/2 Rvamewitn] - Lamt ey
Heisenbergs car ke"i \
Position and momentum:
Xp—px=ih Q
Ax Ap >2h /2

It is a fundamental aspect of nature. Not related to limited technology!




Waves and Uncertainty

Use the “wave-mechanics” picture of Schrodinger

A wave has an exactly defined frequency. A particle has an exactly defined position.
Two waves: p; = hf,/c , p,=hf,/c Wave Packet: sum of black and blue wave
1— 1
| o
i | .
091 “ X and p are non-commuting observables
1* also
0] E and t are non-commuting variables

ol | otV
: I : \/

1= I
I N EEEE NS RN R SRR S N R -1_|||||||||||||||||||||||||||||||||||||||||||||||||
25 20 -15 10 -5 0 5 10 15 20 25 25 -20 -15 -10 -5 0 5 10 15 20 25

The more waves are added, the more the wave packet looks like a particle, or,
If we try to determine the position x, we destroy the momentum p and vice versa.




Waves and Particles

“Particle:” \f

Pure waves of different frequency,
i.e. different momentum p = hf/c

Wave package,
i.e. “particle”

Several plane waves

4 \/\/\/ not localized
VVVV VYV

Wave packet

well localized

|

Measure precise frequency =2
no position information.

Measure precise position -2
no momentum (frequency)
information




The uncertainty relation at work

Shine a beam of light through a narrow slit which has a opening size Ax.
The light comes out over an undefined angle that corresponds to Ap,.

Ax Ap, ~ /2

Image of a laser pointer after passing through a slit:




The wave function vy

Position fairly known Momentum badly known

P ()|

A
< -

Re[Y(x)]

< » AX




The wave function vy

Re['F(x)]

Position fairly known

P ()|

Momentum badly known

Position badly known

> Ap,

Momentum fairly known




Imaginary Numbers

HONDID YOU ¥ INSTINGT.
LEARN ML | TIGERS ARE
THIS? YOUVE | BORNWITHIT.

WEVER ENEN
SONE T(.)

HERE'S N‘O?HEQ WMIATH OOH, W’\TS A TRICK ONE .
PQOB\.EM 1 GANT FIGURE | | YOU RANE TO USE E%QJLU?
OJQT 4"!-_}‘“‘5 AN %g&@%ﬁ?{ NUMBERS
) 441 HS.
ag N
@ }

ELEVENTEEN,

TS AUTLE
CTMNVISING
AT FIRST.

- o

A0 VIR Lew bl R eAs et e




The Copenhagen Interpretation

The wave function Y is not a real object.
The only physical meaning is that its square
gives the probability to find a particle at a
position x and time t.

Prob(x,t) = [w(x,t)|? =y y*

Niels Bohr

Quantum mechanics allows only to calculate probabilities for possible outcomes of
an experiment and is non-deterministic, contrary to classical theory.
Einstein: “Gott wiirfelt nicht.”

The mathematics for the probability of the quantum wave-function is the same
as the mathematics of the intensity of a classical wave function.




The wave function vy

Re['F(x)]

Position fairly known

P ()|

Momentum badly known

Position badly known

> Ap,

Momentum fairly known




Next Lecture: double slit experiment
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The core of quantum mechanics illustrated by Feynman.
Einstein and Schrodinger did not like it.

Wheeler later took it to the extreme.
Even today people are debating its interpretation.

™
\A B

oo
~
~
~




