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Lat oss forst paminna oss om "kvantmekanikens grunder”...

4 postulat for kvantmekanik

(icke-relativistiskt)

John von Neumann

Paul Dirac
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|. Ett tillstand hos ett fysikaliskt system beskrivs

av en normerad vektor |¢) i ett Hilbertrum.

Il. Till varje fysikalisk observabel finns en
Hermitesk operator pa ett Hilbertrum.

lll. Givet ett tillstand |v) sa ges de mojliga resultaten vid
en matning av en observabel svarande mot operatorn
() av egenvardena{w} till {2 . Sannolikheten att mata

w gesav | (w|vy)|* dar |w) ar motsvarande egen-
vektor till (2. Vid méatningen “kollapsar” | ¢ ) till |w).
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IV. Tidsutvecklingen av tillstandet |¢(t)) bestdms av
systemets Hamiltonoperator:

d
Zﬁ% [W(t)y = H |¥(t)) (Schrédingerekvationen)

B(t)) = e p(0))

unitar tidsutveckling

Antalet postulat, och dess exakta formuleringar beror pa hur matematiskt
rigordst man vill behandla teorin. Jfr. t.ex. Byron & Fuller (2015 ars larobok i
kursen) § 5.11, som har sex postulat (varav ett ar innehallet i ett av de andra).
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men det ar nagot UNDERLIGT med kvantmekaniken...

1 Alben Eunstem 1879 1935 21saac Newton 3 James Clerk Maxwell 4 Niels Bohr SWerrar =zzeroerg
German/Swiss/American 1642-1727 British 1831-1879 Bntish 1885-1962 Danish 1901-27ZCGaman
119 votes 96 votes 67 votes 47 votes 30votes

ra

6 Galileo Galilei 7 Richarc Feynman 8=Paul Dirac 8= Erwin Schrodinger 10 Emest Rutherford
1564-1642 talian 1918-1988 American 1902-1984 British 1887-1961 Austrian 1871-1937 New Zealander
27 votes 23 votes 22 votes 22 votes o 20 votes
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1Albert Einstein 1879-1955  2lsaac Newton 3 James Clerk Maxwell 4 Niels Bohr
German/Swiss/American 1642-1727 British 1831-1879 8ntish 1885-1962 Danish
119 96 votes 67 votes 47 votes

G 7 Richard Feynman 8= Paul Dirac 8= Erwin Schradinger 10 Emest Rutherford
1564-1642 ltalian 1918-1988 American 1902-1984 British 1887-1961 Austrian 1871-1937 New Zealander
27 votes 23 votes 22 votes 22 votes o 20 votes

”The more succesful the quantum theory is, the sillier it looks.”
Einstein

” Anyone who thinks that he can understand quantum mechanics
without getting into a state of confusion has not understood anything
of the theory.”

Bohr

”No one has ever understood quantum mechanics.”
Feyntan

~I regret that I had anything to do with it...”
Schrodinger

"What it all means? It is simple. You take what you need,
you do what you have to do, and that’s it...”
Heisenberg
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|. Ett tillstand hos ett fysikaliskt system beskrivs
av en normerad vektor |¢) i ett Hilbertrum.

Il. Till varje fysikalisk observabel finns en en
Hermitesk operator pa ett Hilbertrum.

lll. Givet ett tillstand |v) sa ges de mojliga resultaten vid
en matning av en observabel svarande mot operatorn
() av egenvardena{w} till ) . Sannolikheten att méata
w gesav |{(w|v)|* dar |w) ar motsvarande egen-
vektor till €2. Vid méatningen “kollapsar” | ¢ ) till |w ).

Position in Space
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exempel: qubit N> = 4w v ol, (w, Y
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exempel: qubit N> = 4w v ol, (w, Y
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THE BORDER TERRITORY

AANTUM DoMAIN - "Kopenhamnstolkningen”™ CLASSICAL DOMAIN

(Bohr, Heisenberg, 1925-27)
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”Decoherence theory”

(Zurek 1981, Joos & Zeh, 1985)

”Consistent histories theory”
(Omnés, 1994)
"Qbism”

(Fuchs, 2010)

”Many-worlds interpretation”
(Everett, 1957)

HEY LIEWITH THEIR BODIES!

THE GREAT SPONGE OF SATURN!
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| i vart universum fram
1“72 / till matdgonblicket

”Many-worlds interpretation”
(Everett, 1957)

.........

ey ne
Py



forelasning 2/12 (1)
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”Many-worlds interpretation”
(Everett, 1957)
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"When one gets to the mathematical theories which
are at the basis of quantum mechanics, one realizes

that the attitude of many physicists in the handling of
these theories borders on the delirium... One has to
wonder what remains in the mind of a student who
has absorbed this unbelievable accumulation of
nonsense...!

«

’.
N | ..”"f »

-
4

Jean Dieudonné
1906 - 1992
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| sin bok The Principles of Quantum Mechanics (1930)

staller Paul Dirac fragan (i en fotnot) om det gar att

formulera kvantmekaniken med hjélp av en Lagrangefunktion
(@analytisk mekanik) istéllet for att anvanda en Hamiltonfunktion
(Hamiltons mekanik). ..

The Principles
of Quantum
Mechanics

FOURTH EDITION

P. A. M. DIRAC



forelasning 2/12 (1)

1933 utvecklar han detta i en artikel publicerad |
Physikalische Zeitschrift der Sovietunion:

In 1933 Dirac published a paper in Physikalische Zeit-
schiift der Sowjetunion on “The Lagrangian in Quantum
Mechanics.” He begins by saying:

W Quantum mechanics was built up on a foundation of
analogy with the Hamiltonian theory of classical
mechanics. This is because the classical notion of
canonical coocrdinates and momenta was found to be
one with a very simple quantum analogue.. ..

Now there is an alternative formulation for
classical dvnamics, provided by the Lagrangian. This
requires one to work in terms of coordinates and
velocities instead of coordinates and momenta. The
two formulations are, of course, closely related, but
there are reasons for believing that the Lagrangian
one is the more fundamental.

in the firet place the Lagrangian method allows
one to collect together all the equations of motion and
express them as the stationary property of a certain
action function. (This action function is just the time
integral of the Lagrangian.) There is no correspond-
ing action principle in terms of the coordinates and
momenta of the Hamiltonian theory. [This is not
true, but it doesn’t matter.] Secondly the Lagrangian

-method can easily be expressed relativistically, on
account of the action function being a relativistic
invariant; while the Hamiltonian method is essential-
ly nonrelativistic in form, since it marks out a
particular time variable. ...

For these reasons it would seem desirable to take
up the question of what corresponds in the quantum

theory to the Lagrangian method of the classical
theory.
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In 1933 Dirac published a paper in Physikalische Zeit-
schrift der Sowjetunion on “The Lagrangian in Quantum
Mechanics.” He begins by saying:

»* Quantum mechanics was built up on a foundation of
analogy with the Hamiltonian theory of classical
mechanics. This is because the classical notion of
canonical coerdinates and momenta was found to be
one with a very simple quantum analogue. . ..

Now there is an alternative formulation for
classical dvnamics, provided by the Lagrangian. This
requires one to work in terms of coordinates and
velocities instead of coordinates and momenta. The
two formulations are, of course, closely related, but
there are reasons for believing that the Lagrangian
one is the more fundamental.

In the first place the Lagrangian method allows
one to collect together all the equations of motion and
express them as the stationary property of a certain
action function. (This action function is just the time
integral of the Lagrangian.) There is no correspond-
ing action principle in terms of the coordinates and
momenta of the Hamiltonian theory. [This is not
true, but it doesn’t matter.] Secondly the Lagrangian
-method can easily be expressed relativistically, on
account of the action function being a relativistic
invariant; while the Hamiltonian method is essential-
ly nonrelativistic in form, since it marks out a
particular time variable. . ..

For these reasons it would seem desirable to take
up the question of what corresponds in the quantum
theory to the Lagrangian method of the classical
theory. ¢

Feynman (doktorand vid Princeton University
| borjan av 1940-talet) inspirerades av Dirac...
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Ett annat satt att gora kvantmekanik:

Feynmans vagintegralformulering

... loser inte "tolkningsproblemet” av kvantmekaniken, men

¢ fOrenklar ofta analys och rakningar
e cnklare att gora konsistent med speciell relativitetsteori kvantfaltteori

e gOr symmetrier och topologiska effekter transparenta
. R

e ... och forklarar minsta verkans princip i klassisk fysik!

Feynman vid Nobelbanketten 1965
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Feynmans vigintegralformulering
av kvantmelkaniken
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Feynmans vigintegralformulering

av kvankmelkaniken
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Feynmans vagintegralformulering

av kvankmelkaniken
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Feynmans vagintegralformulering

av kvankmelkaniken
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Feynmans vagintegralformulering
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BAKGROW D
PR

KLASS15. MEKANILK
—

s

e
-

Hawirmog Faemoterw¢

5? _ =y
oK I e Y B

X = cle . .
. M ——'>@f,:_“

P——DY

K wu/\ e S‘ﬂ” 4
Wit -
\//{)“[?,‘(‘~“r /

/

o 4

é
XH.—D)

¥ (t=20)

o of Dg _ 2f 93
$8.91 7 53 57 oy

O Bp PP 2y

e s =

L

L "
[KAvonise DRERATIR FoRHMALICH
Hejde‘,&ev?, Qoru, am»daw ] So&u}id«hscv

H KANOYISK
\ K\/AwJTUE(tNCl
A A .
><‘ ‘3 ] =

Dirac 1428

VoW N(’.«wmu WE

~_

AVALZTISK. MEKAW WK

+=
S:jé& L(X, %, )
-{—:o
L(_X,;(‘-\-_) = K—\/

0% O

Oap\\, o
“S&\\\J\P\f\s\\l\ X (£=7)

X (£=0)

Dirac 1933

f?

(428 -2¢



forelasning 2/12 (l1)

Feynmans vagintegralformulering

av kvankmelkaniken
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Feynmans vigintegralformulering
av kvankmelcanilkeen
mokivation: dubbetsya&sexpeﬁmeh&e&
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VAGAR FRAN S TILL O

& e i : NIELS BOHR

711011885 ~ 1811111962

Everything we call
real is made of
things that cannot
be regarded as real.

If quantum mechanics
hasn't profoundly
shocked you,

you haven't
understood

it yet.

The Lord Buddha: "The world is bound up by, and shrouded by a veil of delusion. It appears
as real, and is regarded as if it were finel The fool bound to his illusive acquisitions, blinded by
darkness, assumes it as eternal, but for one who sees, and really understands, there is nothing
real, stable, or ever same, neither here, nor there at all ..." [Ud&dna VIl 10]
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S g Feynamans vigintegralformulering
G av kvanbkmelkaniken (forts.)
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S d o Feyamans vigintegralformulering
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we conclude that the operations of integration and differentiation of a Grassmann number are identical
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