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The Relativistic Quantum World
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Relativity and Quantum Mechanics 2

Classical Mechanics

Smaller Sizes (h)

Newton

From our experience we are not used to relativistic and quantum
mechanical phenomena. That’s why we find it counterintuitive.
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Quantum Field Theory
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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 4]

3

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 Schrodinger’s wave-function: l/)






Deterministic Universe

Mechanics Laws of Newton:

1. The law of inertia: a body in rest moves with a constant speed
2. The law of force and acceleration: F = ma
3. The law: Action = - Reaction

, =
- PHILOSOPHIZA ||| “Principia” (1687)
|

NATURATLIS

Isaac Newton

MATHEMATICA.
Auto«n] S NEW 1o N, T C. ot 1s“<;\1'.\rmm
e : * Classical Mechanics leads to a deterministic universe.

Q IMPRIMATUR: e o.e ol o .
s & rerrsikei. PR AEER - From exact initial conditions future can be predicted.
| , * Quantum mechanics introduces a fundamental element

i ot ki of chance in the laws of nature: Planck’s constant: h.

ylu:c- Bd:('nu}dn. Aves MDCLXXXV Y ! . . . . .
— - Quantum mechanics only makes statistical predictions.




The Nature of Light

Isaac Newton (1642 —1727):
Light is a stream of particles.

Christiaan Huygens (1629 — 1695): A
Light consists of waves. | C‘ |

Thomas Young (1773 — 1829): Ch&,’istiaan Re Clerk y
Interference observed: Light is waves! I—ﬂy’ygens ' Maxwell

James Clerk Maxwell (1831 — 1879):
electric field
magnetic field 4/1\‘ wave motion

Light is a wave of electromagnetic fields.




Waves & Interference : water, sound, light

Principle of a wave Water: Interference pattern:
of l—a—1 A=v/f
- /\ distance
ol \_/ f — 1/T
- ?L — —_—
wavelength (meters)
ol |=— T —--I
_ time WAVES SUM
RS S A
Sound: Active noise cancellation: lght Thomas Young experiment:

— IN PHASE ADDITION
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ANTIPHASE CANCELLATION

Noise Source
/\/\4 Resulting Noise
J\/\f

Anti Noise

sound + sound
can give silence

light + light can
give darkness!

WAVE INTERFERENCE




Interference with Water Waves :
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Interfering Light Waves

Double slit experiment:

Light consists definitely of waves!
=» Oscillating E and B fields

ANTIPHASE

Cancellation:
light + light
= dark

a7 1R%AY
N

IN PHASE

Amplification:
light + light
= more light

light + light can
give darkness!




What can you see with light waves?

Y Y Penetrates Earth's
Atmosphere?
Gamma ray X-ray  Ultraviolet Visible Infrared Microwave Radio Radiation Type
10712 1077 10° Wavelength / m
Approximate Scale
of Wavelength

Atomic Nuclei  Atoms Molecules Protozoans Needle Point Butterfies  Humans Buildings
10° 10'® 10" 10" 10" °10 10* Frequency / Hz

Temperature of
objects at which
this radiation is the

peak wavelength
10,000,000 K 10,000 K 100 K 1K emitted
~10,000,000°C 9,726°C -173°C -272°C

The surface of the sun is approximately 6000K.




“Look, I'm a big-picture guy. I say
Let there be light,” you guys figure

out zf ILS a wave or a partic[e. ?



Particle nature: Quantized Light

“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:
For some reason material emitted light in “packages”.

Uv VISIBLE INFRARED

14

Planck’s constant:
Classical theory (5000 K) h — 6-62 x 10-34-15

5000 K

12 /\

.

Nobel prize 1918

-1.m-2. nm—l)

— Classical theory:
There are more short wavelength “oscillations” of
atoms than large wavelength “oscillations”.

4929__K
4 I\
2 - / / SOOOK\\\ "~ Quantum theory:
. 4 e e ———— Light of high frequency (small wavelength) requires
0 05 1 15 2 25 3 more energy: E=hf (h = Planck’s constant)

Wavelength (um)

Spectral radiance (kW - sr




Photoelectric Effect

Photoelectric effect:
Light kicks out electron with E=h f
® (Independent on light intensity!)
light Light consists of quanta.
/Tectrons (Nobelprize 1921)

" | Wave: E = hf = he/2 > 1=he/E |
| Momentum:p = E/c 2> E =pc |
| It follows that: A = h/p |

Kl
A=A = (1 — cosB)
meyC

A

Compton Scattering:

S “Playing billiards” with light quanta and

, electron electrons.
light

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




Photoelectric Effect

~ \ Photoelectric effect:
f Light kicks out electron with E=h f
v
-
light
elect N
¢ LIGHT 15 A - \
¢ eog¢ "" _hC/E I Alb . t%
B ert Einsteln
x‘o ) ": 4 \ \ ] ; = pc |
|
o NI
AN =2A= (1— cosf)
meyC s ‘\
A 0
) _\_ - Ving ght quanta and
light electron electrons. :
Light behaves as a particle with: A=h/p d
(Nobelprize 1927) Arthur Compton




“Once and for all | want to know what | am 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 =» Quantum mechanics: probability wave!

Louis de Broglie
Particle wavelength: 1 = h/p 2> A= h/(mv) ~ Nobel prizé 1929

Wavelength visible light:
400 —-700 nm

Use h=6.62 x 103*Js to calculate:

* Wavelength electron withv=0.1 c:
0.024 nm

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

_electron microse




Matter Waves

Louis de Broglie - PhD Thesis(!) 1924 (Nobel prlze 1929)
If light are particles incorporated.i > >
(electrons) “are carried” by

Original idea: a physical wa

Particle wa

Wavelength visible light:
400 —-700 nm

* Louis de Broglie
ELECTRON lS A | Nobel prize 1929
Use h=6.62 x 103%Js to ¢
* Wavelength electron wit

WaUE,

* Wavelength of a fly (m = 0.01 gram, 1= 1
v =10 m/s): 1 Tl
0.0000000000000000000062 nNm




iz S WELL...YOU TOLD US
B 27> .- ~ | TO DRAW WHAT WE
7.7 SEE UNDER THE
MICROSCOPE !

JUST KIDDING __ |

Speaking about
Microscopes...

Wght 2000 by Rod Maciean
W wilus tkiddingeartoons.oom =

>




The Quantum Atom

of Niels Bohr

The classical Atom is unstable!
Expect: t <1010s

Niels Bohr: Atom is only stable for specific “““""’*@j

orbits: “energy levels”.

n=3

An electron can jump from a high to
lower level by emitting a light quantum
with corresponding energy difference.

Niels Bohr
1885 - 1962




The Quantum Atom of Niels Bohr

The classical Atom is unstable! /*
N
Expect: t <101%s VA NN
/ Ve \
Niels Bohr: Atom is only stable for specific [ N
orbits: “energy levels”. L . .
n=3 I \\ ,f
\\\ / /
n=2 / AN o e g
n=1 < V\V\V\—>
O AE = hv An electron can jump from a high to el G
+Ze . .
lower level by emitting a light quantum 1885 - 1962
with corresponding energy difference.
Hydrogen “Balmer” spectrum of wavelengths: E,, = —13.6 eV/n?




Schrodinger: Bohr atom and de Broglie waves

WAVES SUM
IN PHASE ADDITION
ANTIPHASE CANCELLATION

[ WAVE INTERFERENCE |

Energy levels explained
— atom explained
Outer shell electrons

- “chemistry explained”

More realistic atom:
probability waves

If orbit length “fits”: :
2rr=nA withn=1, 2,3, .. ﬂ

3 The wave positively
interferes with itself!
=» Stable orbits!

. . VIIIA
Periodic Table of the Elements o
14 15 16 17 H F
A IVA VA VIA VIIA
4A 5A 6A A
6 7 8 10
C N O Ne
Nitrogen Oxygen P
12011 | 14007 | 15999,
15 16 18
4 5 6 7 8 9 10 1 12 P S A
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3 Todd Helmensone
about.com



Not yet explained: “Dramming”

The Periodic Table Of Scotch Whisky
Ga . Kh

Owners

Glen Garioch Kilchoman

oo ]
= Malt Whisky Distilleries (Active) remese
Gh . o]

[¥m Grant e sons]

1.10] Est.

Glenglassaugh D : Cisd.
1836 1976 Stills

cd . Ge | Gf

Glenfarclas

Cap.

Sy 2| Distillery/Brand

Glen Keith
Keith

Longmorn Glenlivet
Rothes Elgin Ben Rinnes | Centr. Speyside | South Speyside | West Speyside | NE Highlands | Inverness _|Centr. Highlands|South Highlands| West Highlands Islands

Small/Inde

2005 1798 1779
0| Int. Beverage
Df .| Dr Wb Ed Tm |Bw .
007 200 Suntory
Daftmill Glendronach Wolfburn Edradour Bowmore
I ——
Bd .|Kd Bc Pu
0.25
Bladnoch Knockdhu Benromach |Pulteney Beam
1823
Au |Fe Gb (Bb :
i i = [ owes ]
Auchentoshan  |Fettercairn Glenburgie Balblair Bunnahabhain
o o e ]
Mi
Tamnavulin  [Milltonduff Highland Park |Laphroaig _

1897 1938 1957 |

1998 | 1991 1975

Im "| Iv "|Kc
Imperial Inverleven Kinclaith

Distillery capacity may also include other spirits (vodka, gin etc.)

F2\
Blended Whisky Brands (Selected) DRZMMING

http://www.dramming.com
Version 1.4 - 27 May 2013

Dist. capacity in million litres p.a. except Le
Copyright Oliver Klimek 2013

Freely distributable in digital format

Antiquary Black Bottle Chivas Regal Unauthorized printing prohibited




Complementarity

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

NIE

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 qguantum matter affects the object.
Heisenberg’s “non-commuting” observables:

You cannot know position and
momentum at the same time:

Xp —px = ih
usually written in the form:
Ax Ap = h/2

You cannot know both energy
and time:

Et —tE = ih Werner Heisenberg
usually written in the form . “Matrix mechanics” .
AE At = n/ 2

It is a fundamental aspect of nature.

Erwin Schrodinger Paul Adri%n Maurice Dirag
“Wave Mechanics” “q - numbers”

Not related to limited technology!




Heisenberg Uncertainty Relation

: You probgbly know Too much
AT h::;:& with ' ﬂh::: th:iI momentum,

Heisenbergs

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




Heisenberg Uncertainty Relation: for experts

Energy and time: 9
In quantum mechanics energy is the “rate of change in time of a wavefunction”: Ey — ihatp
It fundamentally requires time to measure energy, ie. change in time.

Consequence: AE At > h/2 Measuring energy means locality in time is lost.

Position and momentum:
In quantum mechanics momentum is “rate of change in space of a wavefunction”: pY — —lha

It fundamentally requires space to measure momentum, ie. change in space.

Consequence: Ax Ap < h/2 Measuring momentum means locality in space is lost.

0
¥

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




...and if you REALLY want to see where it comes from....

1. Replace E by the operator ih% operating on wave function :
Et(p) = ih~(ty) = il + iht 22
tE () =tihg—‘f=ihtg—‘f mm) (Bt —tE) Y =ihy

2. Replace p by the operator —ihi operating on wave function :
px(P) = —lh (xt,b) = —ihyp — lhxz—lﬁ

xp(Y) = —thg—;p = —ihx aalfc > p—pOyp=iny

“Non commuting observables”

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




9x
) — ihx —

It is a fundamental aspect of nature.

Y
ox

(Et —tE) Y =ihy

0 . .
— operating on wave function :

mm) (xp—px)Y =ihy

“Non commuting observables”

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 T
T
0.55 0.5:
| n 0
-0.5_.— * ” -0.5:
WU W |
'2él I'I2|6I I'I1|5” I'I1|6I | I'g - Ifl)l - I5|I - I1|0I - I1|5I | ”2|0I | ”25 -25 20 15 10 -5 0 5 10 15 20 25

> f(p) > X
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 frequency/momentum p and vice versa.




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
T Pure note | ‘ Sharp pluck
e,

0.5;
: single | I mix of
Ak frequency ol 1,  frequencies o
-25 25 -25 25
f (p) .

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 frequency/momentum p and vice versa.




Waves and Particles

“Particle:” P\vﬁ

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

Uncertainty Revisited

Several plane waves

4 \/\/\/ not localized
VVVVVYV

Wave package,
i.e. “particle”

Wave packet

well localized

|

Measure precise momentum

— You force the quantum to
have a specific frequency

— You lose the locality of the
quantum

- No position information.

Measure precise position

— You force the quantum to
have a specific position

— You lose the momentum
(frequency) information of
the quantum




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, ~ h/2

Image of a laser pointer after passing through a slit:

Ap, e \
— ]




Consequence: Particles can quantum tunnel through a wall!

Clesdtes [pRrEle Haeh CeuED Cer/E — %mvz Quantum explanation: particles are waves packets:
to go over barrier /_ “The particles energy (or momentum) is uncertain enough
' to pass through if the time (or space) is short enough.”

25

real(psi)
B . imag(psi)

20 V(x)

E range

15

M
\ﬁnlgf\wr-
Quantum: particle can tunnel through the barrier.
Even if its energy is not enough.

psi, V,E

-20 -10 0 10 20



The wave function v

Re[¥(x)]

Position fairly known

< » AX

P (x)|2

x - -

Momentum badly known




The wave function vy

Re[*(x)]

Position fairly known

P (x)|2

- > Ax

Position badly known

Momentum badly known

> Ap,

Momentum fairly known




Imaginary Numbers

WERE'S MHOTHER WMATH

(oo, TUATS B TRICK OWE | [ ivacitany 0L KHOM
mkEM 1 ':.-ll:"q'”'l.T FiaUEE Yo RBE T USE CRLULS | lHLEiHm

. | ELENEMTEEN, J
. 0T, WS | | AND MG s | | WOMBERS 7/
! Eﬁ oS D4A4T YOR THIS

ITS A WTTLE
TRTISING

THIRTY - TWEE ||| THIS? YOUVE | BORM WITH T,
W/ RLL TWOSE.| | MEVER ENEM

HOR DD YU T INSTINGT.
LERRM ALL TiGERS ARE

SOHE TO

r-..r._-'“l
v

“Life is complex, it has both real and imaginary parts”

- Anonymous






The Copenhagen Interpretation: what is i ?

The wave function W 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 Max Born

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

Position fairly known

2
¥ ()|
=>» probability for
being at any x

-

<« » AX
Re[:P(X)] |lP( )l => probability for
being at any x
- - - » AX

Position badly known

Momentum badly known

2
O(p)
=>» probability for
having p

®(p)|2

=>» probability for
havingany p

Re[ (o)

;pX

> Ap,

Momentum fairly known




Next Lecture: double slit experiment

Movable
Electron g Detecto;
Gun TS ,
Wall Backstop

Movable

Electron Detecto; \ J
"% Light 2N
,l'll‘ /" e2
Wall Backstop

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.
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