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fhe Character of Physical Law 7 think I can safely say that nobody understands
quantum mechanics.

So do not take the lecture too seriously, feeling

that you really have to understand () what [ am
going to describe,
but just relax and enjoy it.
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NOBODY UNDERSTANDS
ME: WHAT SHOULD |
DO?
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Richard P.Feynman

By Filipe Bastos Posted on 10/01/2020 Posted in Difficult Emotions, Emotional Intelligence, Self-knowledge
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Six Easy Pieces: Essentials of Physics Explained by Its Most
Brilliant Teacher
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Albert Einstein
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Albert Einstein in 1921

Born 14 March 1879
Ulm, Kingdom of
Wiirttemberg, German Empire

Died 18 April 1955 (aged 76)
Princeton, New Jersey, US

Residence Germany, ltaly, Switzerland,
Austria (present-day Czech
Republic), Belgium, United

% ERAEREA i

Citizenship Subiject of the Kingdom of
Wirttemberg during the

German Empire (1879-
1896)[note 1]

Stateless (1896-1901)
Citizen of Switzerland (1901-
1955)
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Born

Died
Citizenship
Alma mater

Known for
Spouse
Father
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Erwin Schrédinger
ForMemRS

Schrédinger in 1933

Erwin Rudolf Josef Alexander
Schrédinger

12 August 1887

Vienna, Austria-Hungary

4 January 1961 (aged 73)
Vienna, Austria

Austria

Ireland (1948-1961)
University of Vienna (PhD, Dr.
habil.)

See list [show]

Rudolf Schrédinger Downloads
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Schrodinger spent the Christmas break of 1925-1926 at the Villa Herwig at Arosa where
he intended to relax and enjoy the skiing. His mind was, however, consumed by his recent
researches at the expense of what should have been a period of relaxation. As he noted in
a letter to Willy Wien of 27 December 1925,

‘At the moment I am plagued by a new atomic theory...I believe I can write down a
vibrating system — constructed in a comparatively natural manner and not by ad hoc
assumptions — which has as its eigenfrequencies the term frequencies of the hydrogen

atom.’
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o E4E AN R RV B g% - — 1R E2E3 T A total of four papers in 1926 -
1926. M 6.

ANNALEN DER PHYSIK

VIERTE FOLGE. BAND 79.

1. Quantisierung als Eigenweriproblem;
von E, Schrédinger.

(Zweite Mitteilang.)?)

§ 1. Die Hamiltonsche Analogie zwischen Mechanik und Optik.

Bevor wir daran gehen, das Eigenwertproblem der Quanten-
theorie fiir weitere spezielle Systeme zu bebandeln, wollen wir
den allgemeinen Zusammenhang niher beleuchten, welcher
zwischen der Hamiltonschen partiellen Differentialgleichung
(H.P.) eines mechanischen Problems und der ,zugehdrigen®
Wellengleichung, d. i. im Falle des Keplerproblems der Glei-
chung (5) der ersten Mitteilung, bhesteht. Wir hatten diesen
Zusammernhang vorliufig nur kurz seiner #uBeren analytischen
Struktur nach beschrieben durch die an sich unverstindliche
Transformation (2) und den ebenso unverstéindlichen Ubergang
von der Nullsetzung eines Ausdrucks zu der Forderung, daB
das Raumintegral des nimlichen Ausdruckes stationiir sein soll.?)

Der innere Zusammenhang der Hamiltonschen Theorie
mit dem Vorgang der Wellenaushreitung ist nichts weniger
als neu. Er war Hamilton selbst nicht nur wohlbekannt,
sondern bildete fir ihn den Ausgangspunkt seiner Theorie der
Mechanik, die aus seiner Optik inkomogener Medien hervor-
gewachsen ist.®) Das Hamiltonsche Variationsprinzip kann

1) Siehe diese Annalen 79. S. 361, 1926. Es ist zum Verstiindnis

...... v



Quantisierung als Bigenwertproblem. 371

§ 2. Die Bedin )
me 1000T 4th excited

(19) — b= ——
Es ergeben sich also die wohlbekannten Bohrschen Energie- 800 -
niveaus, die den Balmertermen entsprechen, wenn man der I
Konstante X, die wir in (2) aus dimensionellen Griinden ein- s i A
fithren muBten, den Wert crteilt ? 600 I~ s
(20) K= g
Dann wird ja. SR 2nd excited

/ 2n2m e — E
(19') — B =120C 5 s
Unser [ ist die Hauptquantenzahl. =+ 1 hat Analogie mit 0P  mressn
der Azimutalquantenzahl, die weitere Aufspaltung dieser Zahl . -
bei der niheren Bestimmung der Kugelfiichenfunktionen kann i ool g
mit der Aufspaltung des Azimutalquants in ein siquatoriales”
und ein ,polares® Quant in Anslogie gesetzt werden. Diese S B T-RE

Zahlen bestimmen hier das System der Knotenlinien auf der
Kugel. Auch die ,radiale Quantenzahl,“ l—n — 1 bestimm®b
genau die Zahl der ,,Knotenkugeln“, denn man kann sich leicht
iiberzeugen, daB die Funktion f(z) in (18) gemau l—n—1
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Heisenberg's mother, Schrodinger's wife, Dirac's mother, Dirac, Werner Heisenberg,
Erwin Schrodinger at Stockholm train station, Nobel prize award ceremony, 1933

Credit Line: Max-Planck Institute, courtesy AIP Emilio Segré Visual Archives
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Schrodinger, sick, on bed side said to Bohr, 1926

There is no hope. The whole 1dea of quantum jumps leads to nonsense. If we are
going to have to put up with these damn quantum jumps, I am sorry that I ever
had anything to do with quantum theory.
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Bohr returned, 1926
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Quantum Mechanics is very imposing. But an inner voice tells me
that it 1s not real thing. The theory delivers a lot but hardly brings us
closer to the secrets of the Old One. I for one am convinced that He
does not throw dice.

Einstein to Born 1926
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A. Piccard, E. Henriot, P. Ehrenfest, E. Herzen, Th. de Donder, E. Schrédinger, J. E. Verschaffelt, W. Pauli, W. Heisenberg, R. H. Fowler, L. Brillouin;
P. Debye, M. Knudsen, W.L. Bragg, H. A. Kramers, P. A. M. Dirac, A. H. Compton, L. de Broglie, M. Born, N. Bohr;
I. Langmuir, M. Planck, M. Curie, H.A . Lorentz, A. Einstein, P. Langevin, Ch.-E. Guye, C. T. R. Wilson, O. W. Richardson

Fifth coms, 1927. Institut International de Physique Solvay in Leopold Park.
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ACTORS PLAYING EINSTEIN AND
BOHR ADD A BIT OF DRAMA TO
THE GALA..

GOTT SPIELT NICHT
WURFEL MIT DEM
UNIVERSUM!
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Scanned at the American
Institute of Physics

The soothing Heisenberg-Bohr philosophy-or religion?-1s so nicely
made that for now it offers the true believer a soft pillow from which
it’s not easily rousted. So let him lie. Einstein
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The material

RE R T IX Rt | ffe cat Ives.

The tIs

decaggd. the cat
has been killed by

the poision.

egooﬁrin%ggé?\ t'%er tation
i -
thepgat is both alieefe and
dead. It exists in a state of
“superposition.”
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Atomic nucleus JET+Z FHAZ T4HEK -

®

A nucleon #%-1- is either a proton or a neutron.

NEUTRON n PROTON

SPARTICLEZ 0 SPARTICLEZ 0

Neutron Proton
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1 Angstrom o0 m
——

/ e

!

HeEsy

- !
[ |

10%m
If an atom could be expanded to the size of a football stadium, the nucleus would be the size of a
single blueberry. (credit middle: modification of work by “babyknight” /Wikimedia Commons;
credit right: modification of work by Paxson Woelber)
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In Quantum Mechanics, there exists no quantity which in an
individual case can determine the result of a collision. I myself
is inclined to give up determinism in atomic world.
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AHEE M Uncertainty

We would like to emphasize a very important difference between classical and
quantum mechanics. We have been talking about the probability that an electron
will arrive in a given circumstance. We have implied that in our experimental
arrangement (or even in the best possible one) it would be impossible to predict
exactly what would happen. We can only predict the odds! This would mean, if
it were true, that physics has given up on the problem of trying to predict exactly

what will happen in a definite circumstance. Yes! physics has given up. We do
not know how to predict what would happen in a given circumstance, and we

believe now that it is impossible, that the only thing that can be predicted is the
probability of different events. It must be recognized that this is a retrenchment
in our earlier ideal of understanding nature. It may be a backward step, but no
one has seen a way to avoid it.
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Scanned at the American
Institute of Physics

The soothing Heisenberg-Bohr philosophy-or religion?-1s so nicely
made that for now it offers the true believer a soft pillow from which
it’s not easily rousted. So let him lie. Einstein
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P I think I can safely say that nobody understands quantum
B o Physical Law mechanics. So do not take the lecture too seriously, feeling
Y T that you really have to understand in terms of some model
X) what I am going to describe, but just relax and enjoy it.

.

[ am going to tell you what nature behaves like. If you will simply
admit that maybe she does behave like this, you will find her

a delightful, entrancing thing. Do not keep saying to yourself,

if you can possible avoid it, "But how can it be like that?"
because you will get 'down the drain', into a blind alley from

which nobody has escaped. Nobody knows how it can be
like that.

Richard P.Feynman
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Because atomic behavior is so unlike ordinary experience, it is very difficult
to get used to and it appears peculiar and mysterious to everyone, both to the
novice and to the experienced physicist. Even the experts do not understand it
the way they would like to, and it is perfectly reasonable that they should not,
because all of direct, human experience and of human intuition applies to large
objects. We know how large objects will act, but things on a small scale just
do not act that way. So we have to learn about them in a sort of abstract or
imaginative fashion and not by connection with our direct experience.

In this chapter we shall tackle immediately the basic element of the mysterious
behavior in its most strange form. We choose to examine a phenomenon which is
impossible, absolutely impossible, to explain in any classical way, and which has
in it the heart of quantum mechanics. In reality, it contains the only mystery.

We cannot explain the mystery in the sense of “explaining” how it works. We
will tell you how it works. In telling you how it works we will have told you
about the basic peculiarities of all quantum mechanics.

We can not explain the mystery in the sense of “explaining” how it works.

We will tell you how it works.
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Physicists Edward Bowen (left), Lee DuBridge (centre) and I. |. Rabiwork on

Shut up and calculate!

Practical, interdisciplinary ways of working forged during the Second World War had
a lasting impact on a generation of physicists and their findings, says David Kaiser.
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Julian Schwinger (standing) with colleagues at MIT's Radiation Laboratory during the Second World War.

MIT MUSEUM
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U, This first order diagram predict g = 2.

The following diagram gives the leading correction.

1

5 Stheory = 1+(1159652187.9+8.8)x10~"

1 —
> Sexpei =1+(1159652188.4+4.3)x 107"
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The Nobel Prize in Physics 1965
Sin-ltiro Tomonaga

Julian Schwinger

Richard P. Feynman

mT™hn X
W
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\

Sin-ltiro Tomonaga Julian Schwinger Richard P. Feynman

The Nobel Prize in Physics 1965 was awarded jointly to Sin-ltiro Tomonaga, Julian
Schwinger and Richard P. Feynman "for their fundamental work in quantum
electrodynamics, with deep-ploughing consequences for the physics of elementary
particles"”.
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FAST FACTS

PROTON VELOCITY:
99.9999991% of light speed

PROTONS PER BUNCH:
up to 100 billion

NUMBER OF BUNCHES:
up to 2,808

BUNCH CROSSINGS
PER SECOND:
up to 31 million, at 4 locations

COLLISIONS PER BUNCH
CROSSING:
up to 20

DATA PER COLLISION:
about 1.5 megabytes

NUMBER OF HIGGS PARTICLES:
1 every 2.5 seconds (at full
beam luminosity and under
certain assumptions about
the Higgs)

66
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Bunch Crossing 4 10" Hz
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Parton Collisions

signals 10° Hz
(Higgs, SUSY, ....)
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2835 Bunches/Beam
10" Protons/Bunch
N"a‘ =
\

| 7 TeV Proton Proton
colliding beams

NUMBER OF HIGGS PARTICLES:
1 every 2.5 seconds

N ot
+ o Z ‘ 123
e et

,000,000,000 o7



eeeeeeee :spin =

1/2 particles

Quarks
ulct)
d|s bl

“ml
il
i

B
\

e u

.
V|V

Leptons

k

Higgs
| boson

Higgs Boson:

spin=0
fundamental

‘;1! scalar particle

sons: spin = 1 particles

Forces




ductor

1COoN

Semi

S

N




MAFEEZ ARISON  E—BRFERERN - 1 DLE B R iR S mG B,
A FI R - ERGH S E—#E » A] DABS S ERG LI » ZRIEHI S T HY BRI

Cathode Anode & ’
1

C
T. B @
' I ' | [« e ——

E

FEBRITLHIEEAEA » T2 AL B —(E LEME !

) ~—-
It is all about control. & | —U

control freak




TETCA B SR B PR E Y — PRGN > Bt Integrated Circuit IC fHAG B RS
e EEEE MR | TR pee 5 Ay |




MITMUSEUM

Shut up and calculate!

Practical, interdisciplinary ways of working forged during the Second World War had
a lasting impact on a generation of physicists and their findings, says David Kaiser.
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The Nobel Prize in Physics 2012
Serge Haroche, David J. Wineland

The Nobel Prize in Physics 2012

Serge Haroche

David J. Wineland

Photo: @ CNRS Photo: @ NIST
Phototheque/Christophe Lebedinsky
Serge Haroch David J. Wineland

The Nobel Prize in Physics 2012 was awarded jointly to Serge Haroche and David
J. Wineland "for ground-breaking experimental methods that enable measuring
and manipulation of individual quantum systems”
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A “Schrédinger Cat”
Superposition State of an Atom

C. Monroe,* D. M. Meekhof, B. E. King, D. J. Wineland

A ““‘Schrédinger cat’’-like state of matter was generated at the single atom level. A trapped
°Be" ion was laser-cooled to the zero-point energy and then prepared in a superposition
of spatially separated coherent harmonic oscillator states. This state was created by
application of a sequence of laser pulses, which entangles internal (electronic) and
external (motional) states of the ion. The Schrédinger cat superposition was verified by
detection of the quantum mechanical interference between the localized wave packets.
This mesoscopic system may provide insight into the fuzzy boundary between the clas-
sical and quantum worlds by allowing controlled studies of quantum measurement and

quantum decoherence.

Quantum mechanics allows the prepara-
tion of physical systems in superposition
states, or states that are “smeared” between
two or more distinct values. This curious
principle of quantum mechanics (1) has
been extremely successful at describing
physical behavior in the microscopic
world—from interactions of atoms with
photons to interactions at the subnuclear
level. But what happens when we extend
the quantum superposition principle to

state of the system can be represented by
the entangled quantum mechanical wave
function,

1) 1)+ &) |)
LoD+ Bl

.' (1)

\’
where Io) and |®) refer to the states of a
live and dead cat,and | | Yand | 1) refer to
the intemal states of an atomrthart has and
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Controlling individual quantum systems

Figure 1. Nobel Prize awarded for mastering
particles. The Laureates have managed to make
trapped, individual particles to behave according
to the rules of quantum physics.
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ELECTROMAGNETIC

‘ FIELD
I | i\‘@—/ IoN A

LASER
COOLING BEAM

LASER
“FORCE"
BEAMS

SCHRODINGER’S CAT made from a beryllium ion is first trapped by
an electromagnetic field and then cooled with a laser. Laser “force”
beams prepare the ion in a superposition of two spin states. These
states are then eased apart so that the ion resides in two places at once.
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RINSTRIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.

MAY 15, 1935

PHYSICAL REVIEW

VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLsky AND N. RoSEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measuremeénts made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.
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The impossible decoupling of US China Commerce relations

The relation 1s in entanglement.

Yoshiko, Nikkei

Michael Hirshon, NYT
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Does colour exist when no one is watching?

Quantum mechanics’ entangled pairs can be compared to a machine that throws out balls of opposite
colours in opposite directions. When Bob catches a ball and sees that it is black, he immediately knows
that Alice has caught a white one. In a theory that uses hidden variables, the balls had always contained
hidden information about what colour to show. However, quantum mechanics says that the balls were
grey until someone looked at them, when one randomly turned white and the other black. Bell inequali-
ties show that there are experiments that can differentiate between these cases. Such experiments have
proven that quantum mechanics’ description is correct.

HIDDEN VARIABLES 1 (_f‘

:;{:‘ A 2 . o
=) — &2
@

'nil |
HH

MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsSTEIN, B. PopoLsky AND N. ROSEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)
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Faced with spooky actions at a dis-
tance, Einstein preferred to believe
that things one cannot know anything
about (such as the momentum of a
particle with a definite position) do
exist all the same. In April 1948 he
wrote to Born:
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Is the moon there
when nobady looks?
Reality and the quantum theory

Einstein maintained that quantum metaphysics entails spooky actions
at a distance; experiments have now shown that what bothered Einstein
is not a debatable point but the observed behavior of the real world.

N. David Mermin

Quantum mechanics is magic'
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Figure 2. The source S produces pairs of entangled photons, sent in opposite directions. Each
photon encounters a two-channel polarizer whose orientation can be set by the Alice and Bob .
Emerging signals from each channel are detected by single photon detector D: and D- and
coincidences counted by the coincidence unit. The correlation E(a,b)= (Nyy- Ny_ - N_y +
N__)/(Nyy+N,_ + N_, + N__) where N,,,N,_, N_,, and N__ are the number of coincidence
events recorded corresponding to the simultaneous detection at Alice’s and Bob’s detectors D+
and D+, D+ and D., D- and D+ , and D- and D-, respectively.
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Figure 4. Schematic diagram of the apparatus and associated electronics used by Freedman

and Clauser [11]. The distance between the detectors was 5 metres (m).



Figure 6. Schematic of the experiment proposed by Aspect in 1976 [15] and performed with
collaborators in 1982 [14]. The photons emitted by the calcium cascade source first meet the
optical switches Crand Cr, where they can either be transmitted to polarizers and detectors PM1
and PM2, or be reflected to another set of polarizers and detectors PM1' and PM2'". Switching
between the two channels occurs approximately every 10 ns. The distance between the
polarizers was 12 m. The optical switches are ultrasonic standing waves resulting from
interference between counter-propagating acoustic waves produced by two electro-acoustical
transducers.
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John F. Clauser Anton Zeilinger

University of Vienna, Austria

Alain Aspect

Université Paris-Saclay and
Ecole Polytechnique, Palaiseau, France

J.F. Clauser & Assoc.,
Walnut Creek, CA, USA

' Bell inequalities and

photons, establishing the violation o}

“for experiments with|entangled
pioneering quantum information science”
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Alain Aspect John F. Clauser Anton Zeilinger

Université Paris-Saclay and J.F. Clauser & Assoc., University of Vienna, Austria
Ecole Polytechnique, Palaiseau, France Walnut Creek, CA, USA

“for experiments with entangled photons, establishing the violation of Bell inequalities and

pioneering quantum information science”
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Here are some recent quantum entanglement distance records:

Optical fiber

In December 2022, physicists from the Austrian Academy of Sciences set a new record
by sending entangled photons over 248 kilometers of optical fiber. This more than
doubled the previous record of almost 100 kilometers. ¢

Fiber optics between atoms

In July 2022, researchers from Ludwig-Maximilians-University Munich (LMU) and
Saarland University set a record by entangling two rubidium atoms across 33
kilometers of fiber optics. @

Space to Earth

In 2017, Chinese scientists transmitted entangled photon pairs from space to Earth
over a distance of 1,203 kilometers. This broke the previous record for entanglement
distribution. ¢

Optical cavities

In May 2023, researchers from the University of Innsbruck, Austria, entangled two
calcium ions trapped in optical cavities 230 meters apart. @






Conclusion:

PRERRTIE - S 7 EAMHYIER] ~ BEith= 240 - Bl E Bax 2 M EPFE

It 1s a fundamental quantum doctrine that a measurement does not, in general, reveal
a pre-existing value of the measured property. On the contrary, the outcome of a mea-
surement 1s brought into being by the act of measurement itself, a joint manifestation of
the state of the probed system and the probing apparatus. Precisely how the particular
result of an individual measurement 1s brought into being—Heisenberg’s “transition from
the possible to the actual”—is inherently unknowable. Only the statistical distribution of

many such encounters is a proper matter for scientific inquiry.
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