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Introduction

1 .
1. Historical remarks

- Earth not a special place !
-> Galilean relativity -

- F(y) = mr Newton X
Force

j position Y(t)

having ( Fe we can calculate Smomentum ? = my

- Discovery of atoms

prediction of classicalphysics (mechanics & ED) :

electron in atom emits light

while accelerating in nucleus's field.Do
-> Atoms are not stable !



* Heisenberg's uncertainty principle

simultaneous position and momentum of a particle

cannot be adequately measured. How ?

Fourier Trafo
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>
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Schrodinger's wave mechanics

it( , +) =( + () (,

electron as a standing ware in the nuclei potential :

Y(x) = k
motion without trajectory (path) !

probability of finding the electron at 5 ,
4

2

P(
,
t) = ((y , t)) = Y( ,t)4

*

(5 , t)

- quantised Angular Momentum .

[ = x5

- electronic orbitals

instead of orbits.



* DerTeilEinstein-Heisenberg debate und Das Ganze

over the path of the particle.
W

. H

if we can see the path of the electrons

in cloud chamber
, why can't they have paths

inside atoms as well ? Einstein to Heisenberg
Berlin , 1926

Exercise : think about a possible answer !

more to this in Chapter &

debatable :

&
* Can one force the electron in e . g. He

to more on a quasi-classical path ?

Yes ! using ultra-short pulsed laser .
Thomson

eus

-



Schrodinger- Bohr debate everDerTeil

Quantum Jumps
und Das Ganze

W
. H

5. How is the electron's behaviour during
a transition between one quantised state

to another in atom ?

"If one has to stick to this damned quantum

jumping ,

thenI regret having ever been

involved in & !
"

Schrodinger to Bohr
Munchen Seminar 1926

Exercise : think about a possible answer !

Einstein-Bohr debate in Chapter ?

Copenhagen Interpretation



Double Slit experiment

- wave fronts exert the slits

in phase.

-·
with the wave.

- particles go
throw both slits.

- maybe particles scatter on interact ?

-Send particles one by one : Interference keeps
happening

-> Interference isn't a many particle effect.

-> Each particle interferes with itself !



Possible interpretation :

Particle seems to go through bothslits at once !

Introducing a new concept :

Particle turns into a superposition of
going through both slits.

*

Superposition : An entirely new kind of existence ?

Nobody can observe a particle exiting

both slits simultaneously.

-but mathematically it's not a weird concept :

If I is a possible state of a system,
e .g . a particle

then any superposition ↑= ICiti also possible.

- when the which-way information not available

in the double-Slit set
up ·

-> Superposition
of both days

-> Interference



- Superposition in Double .
Slit experiment :

Skript
->19] Atomphysik !
d Dorner 2027

->14)

14) = 14) + 142) in Hilbert space

ik . (+ ik .(-ei
↑( , +) = (++)e1 . e+ A(X)2

2

- Calculate (4(, +))" = +(5)
*

(5)

Intensity of particles
on the detection screen : on the screen.

ik . (1 + &) - ik . (1 + &)
-Alte-e-

= 10
,

1)/518
,

16) 1+, 1 ,
Exercise, ,



* How to know through which slit (which way
?)

did the particles actually go ?
-
Make the which-way information principally
available (leakage of information) by relating
theslits differently to an intrinsic property
of the particle.

example : Putting perpendicular polarisers on slits.

is puttingthick-say mark on particle.

---

result : No Interference !

SE passed Polarisation

*
particle ↳ determined S·

if 450: went through (1)

if 1352 : went through (2)

we don't necessarily need to know

the polarisation ,
It just needs to be-

principally possible to know in the new setup



* Did we just measure the which way ?

-yes , (4) = 14) + 142) reduced to 14) or 1427

Particles go through one of the slits each time : superposition
- Measurement in Q&:

It) = [4i

Collapse or reduction of theState (ware- function)

to one of the eigenstates. 14 - Iti)

with probability :
P

:
= Kil

?

-not necessarily : Explaining Measurement in terms of-

EntangledSuperposition of the Particle. Apparatus
- more about Entanglement next page.

* Another example ofwhich say marker :

ce which-way mark
linearly & well-defined spin can be put with

Polarised light
prepared sol a coherent change

in the state.

* saveplate



* quantum entanglement (Crash cource)

Consider the simplest quantum system :

Spin particle : two possible states ↑6

naming them 10) and 11) in Id Hilbert
space.

& system of two particles :
10 I

11) b
not . Entangled

⑧

O

X
13

each can be in superposition of 10) and 11)

14) =(+(B) =( + 17)

The ware function of both particles is :

(AB) = -(10) + 117)(103 + 117)

= (197, 107
+117(1) + 117103 + 177k))

an : = &(100) + 1017 + 1107 + 117))



- Entangled superposition:

Using the Conservation of Spin

if the total spir of particles & and B is

Zero : ↑ b en 69

&· & i

-> Entangled Stat
:(AB) = 1(1017 + 1107)

cannot be written as product-state :

(AB) # 114B > Entangled state

compare with : #
(AB)= (10) + 100) if A and B

=(0(k)
+ 10) entangled ,

we can't

↓rite a state

= 100 (17 + 10) for each subsystem
alone.

product state
-> not entangled



Entangled superpositions don't exhibit Interference !

Example : Particle's wave function 14) going through the-

double-Slit DS , which-way information available

(DS
. 4) = ~(l()(x) + 1R)(3))

⑮
normalising
factor

L
, 1 Left . Right Slit

X
, y horizontal

, Perpendicular
Polarisation

(Ds . PIDS,+) = INY((x1(21+ (3) (R1)(127(x) + 1R7(3))
It() /

2 Itz(5))

=> I(X)() + 3) R + (1)< + ((x) (RIL))
-

=& =&
interference terms

= ((((4)(2+ 142(5)(3) vanish

J

Sums of

the individual intensities



* Can he bring back the lost interference?

Yes ! -> Quantum Eraser

is easing which-way information after

putting which-way mark on particle.

& passed·Polarised horizontally
blocked

-

can we bring back
the which-way info ?

No ! Erasure is irreversible.

-can we erase the which way info after

particles hitting the screen ?! Yes !

Delayed Choice : using Entanglement (can be discussed)
&- Eraser

· How would you interpret this ?



1. 2
.

Measurement Problem

-
The entangled superposition of the quantum object
and the measuring apparatus , turns the apparatus
into a superposition of all possible outcomes.

i. e. a superposition of macroscopic objects.
This is ABSURD according to Schrodinger/Einstein.

- Schrodinger's Cat Gedanken experiment :

Quantum System classical system
- nobody has

seen a blurry
dead & alive

e
mixture of Cats.· & &N applied to

macroscopic world
wrong :

-> reductio ad absurdum

(Not Decayed) + /Decayed) (five) + /Dead)

Correct state : Entangled state

(Not Decayed) /flive) + /Decayed) /Dead>



1. 3
. Interpretations of Q are different -

approaches to measurement problem

1
.
3

.

1.
. Copenhagen Interpretation (orthodox &)

-keeps the measurement problem unsolved
.

measurement Pustulate in& , Born's rule

- The wave function gives all the Information
(4(t)) about the g-system !

- The quantum - System described withQ while

the measuring apparatus described classically.

- No Theory for measurement process itself.

- No clear, consistent , unified , literal way

to describe quantum phenomena is possible !

- Moral : Don't try to find better concepts
than the already existing classical concepts.

-Complementarity, Uncertainty-relations



1 . 2
. 2

. de Broglie-Bohm pilot-wave theory
- particle orare -> particle andsave

- particles more on trajectories governed by
the ware function

.

- Introduces a so called Hidden Variable

and completes the usual & to a classical

deterministic theory. (Particles have well-defined paths)
Hidden variable : X(t)

actual position
of particles

iS(y, t)
↑(S ,t) =M(v , t)e 1 . it t = #Y

S1r , t) Phase of 4
2. 0

,
X(t) =S

RIV ,t) modulus of

-No division of the world into classical/Quantum :

- solves the measurement problem !

* Discussion of Contextuality Chapter 3



1 . 3. 3. Interpretations that get rid of
the measurement problem :

*Many-worlds or Multiverse Theory : Chapter 4

-wave function gives complete information.

-No division of the world into classical/Quantum :

- No external observation.
creation of

- Entanglement , Decoherence -> parallel realities.
Everett

* Popular in Science. fiction , Black mirror 2025

* objective collapse of the Hit) Theories :

- GR /Spontaneous Collapse) Chapter 5

-
Gravitation'srole in the Collapse of the $

---
Penrose ,



1
. 4 . Ontology
Definition : What exists ? What is real ?

Question : Are superpositions real ?

They exist , but we can't observe them !

Question : Is the ware function physically real ?

Question : Are physical quantities e .g. Spin real

independent of our observation ?

Question : Can we define physical reality ?
ERR : If the theory predicts it with 100% Probability
without in any way disturb/changing the system.
Three positions : Griffith

- realist

-Orthodox Quantum theory (Copenhagen)

Agnostic



1
.

4
. Locality chapter 6

special relativity · A

Bell's definition of locality : ·
P(f(C , B) = P(t(c)

#
Maxwellian Electrodynamics : [T , +)=

per construct local !

Newtonian Gravity :
L

non, local "F-Gm
Instantaneous

General relativity #
local

T
G + 19=TIn



Einstein . Pedelsky . Rosen Paradox (Bohn's Version)

* had measurement outcomes existed prior to -

measurement ?

Stern - Gerlach
in spin measurements

↑ Bobi
A +1
flix =

- 1 B - 1 ↑
B

- 1

97 : hidden
variable

↑B= (10), (1) + 1170)

subsystems & andB don't
possess a definite state.



Experimental way to settle the debate

between Einstein and quantum mechanics

over the reality of preexisting properties.
Nobel prize 2022

Bell inequality

P(X , y)[ Ply , z) + P(X, + z)

Exercise :
Show the inequality X

with Van diagram.

2

* Can this logical inequality&be violated ?
Z

Yes ! in Q1.
.

How ?

How should one interpret the violation
of Bell's inequality in Q4 ?

~ ill be discussed in Chapter 6.



1. 5. Projects for students

-your own choosing !

-Quantum Zeno-effect

-Delayed choice quantum eraser

- Decoherence

Gravitation as the cause of the-

Collapse of
the ave ,

function
, Penrose

-
The Role of Consciousness in Collapse-

of the wave function , Higher , yon Neumann

-Time-Symmetric Interpretation

(Aharones , Yaidman) Weak measurement

- Super-determinism


